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Abstract  
This research reports the design and engineering of Kevlar-based stab resistant body 
armour fabrics and female vests, and evaluates their performance for protection and 
comfort especially for female police officers. Kevlar-wool woven fabric has been 
employed as a potential material for body armour vests. This current study 
investigates the thermal comfort properties of woven Kevlar-wool ballistic fabrics 
and commercial woven 100% Kevlar ballistic fabrics. The effects of fabric physical 
properties on laboratory-measured thermal comfort were analysed. In this context, 
their thermal comfort performance was compared, and fabric friction and surface 
roughness were evaluated. A water repellent treatment was applied to the woven 
Kevlar-wool fabric to ensure comparable thermal comfort results with the 
commercial 100% Kevlar. Since the commercial Kevlar fabric showed a water 
repellent result in the moisture management test, the effects of the water repellent 
treatment on the Kevlar-wool fabric were examined as well. This study also presents 
the fabric bursting strength and tear strength for comparison. Experimental results 
show a clear difference in thermal comfort properties: the Kevlar-wool fabric 
possesses better moisture management properties and mechanical properties than 
the Kevlar fabric.  
Protection and comfort are significant aspects for body armour. A questionnaire 
survey was conducted in order to determine the risk assessment and comfort 
performance provided in current body armour used by prison officers. There were 
102 prison officers surveyed in Saudi Arabia on the current body armour they may 
use in terms of protection and comfort. This was to understand the need for 
protection with body armour and to improve protective fabric and vest designs with 
enhanced comfort performance for future soft body armour. The survey results 
revealed that 12% of male and 29% of female prison officers had been attacked and 
protective measures against this violence could not be ignored. 
Seams and stitching in body armour could affect their protective and comfort 
performance. Seamless technology is a method used to minimise cutting and sewing 
processes in making knitted garments. Seamless technology was adopted to 
accommodate the bust contour for female body armour designs. The 3D-knitting 
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technology Shima Seiki SES–S.WG® and its whole-garment program were used to 
develop seamless female body armour vests for fit and comfort. The Kevlar-wool and 
100% Kevlar fabrics were produced as weft-knit single jersey using the whole-
garment knitting machine and their physical properties were measured. These 
properties were used to design and engineer two different styles of 3D seamless 
female body armour vest, the loose-vest and the bra-vest. 
The knitted 100% Kevlar fabric was coated with abrasive particles to enhance stab 
protection performance. The stab-resistance of personal body armour standard (NIJ 
0115.00) was used to determine the protection level. Single– and double-blade 
knives were used in this stab test. The knitted fabric mechanical properties were also 
investigated using bursting strength tests and stab resistance drop tests with a range 
of impactors. The results show that one layer of knitted Kevlar-wool, plus eight layers 
of knitted 100% Kevlar, and one coated layer with abrasive sand particles (a total of 
ten layers), passed the tests with less than 7 mm perforation at 8 J using a single-
blade knife. Moreover, a combination of the knitted fabrics (Kevlar-wool, 100% 
Kevlar and coated Kevlar) could improve their stab-resistance. Multi-layered flexible 
stab-resistant vests were assembled and evaluated for comfort using a thermal 
manikin and sweating guarded hot-plate. The moisture management properties of 
the knitted fabrics were investigated. The results of this research provide a good 
reference for designing and engineering female body armour capable of resisting stab 
penetration, as well as possessing improved comfort performance. 
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 Introduction  Chapter 1 
Body armour has traditionally been designed with the principal purpose of providing 
protection for the wearer against sharp objects and ballistic threats. A ballistic-
resistant fabric armour stops projectile penetration by reducing energy transfer to 
the body upon impact, i.e. the fabric flattens the bullet and diffuses its energy [1]. 
Stab-resistant fabric should resist pointed/sharp object penetration or slashing. 
However, the pointed tip of a knife, ice pick or syringe needle is much smaller than 
that of a bullet passes through a fabric. In fact, currently available ballistic-resistant 
fabrics do not fully protect against stab or slash attacks [2]. Protection from stabbing 
is important - especially for personnel such as police and prison officers who might 
be exposed to sudden stabbing attacks by knives or home-made weapons.  
Traditional protective body armour panels are heavy, bulky, inflexible and 
uncomfortable to wear. Modern soft body armour usually consists of multiple layers 
of fabrics made from expensive high-performance fibres such as Kevlar, Zylon, 
Twaron, Spectra or high-performance polyethylene (HPPE) [3, 4]. Advanced body 
armour technologies aim to reduce body armour vest weight in order to enhance the 
comfort level [5-7]. It was reported that users were reluctant to wear an 
uncomfortable protective vest [8]. Therefore, the interaction between the protective 
vest and the body is an important factor that needs to be considered when designing 
body armour. 
There is great potential for some traditional textile methods to be properly utilized in 
modern soft body armour through new design and engineering methods. The most 
recent method has been developed for female body armour panels by angle-interlock 
[9, 10]. This method developed 3D seamless woven Kevlar fabrics that have a female 
bust shape as a front panel – but not as a complete garment. A body armour panel is 
defined as a multi-layered fabric assembly that could exceed 40 layers, depending on 
the armour type and protection level required [11]. For low energy threats, the 
number of layers can be reduced, which makes it easier to assemble a complete 
multi-layer garment. 
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One of the critical factors is the selection of the ballistic fabrics, especially when both 
protection and comfort are considered [3]. Sinnappoo et al. [12] developed a ballistic 
woven Kevlar-wool fabric, which was engineered based on an existing commercial 
Kevlar fabric, by integrating wool and Kevlar yarns together as equivalent yarns into 
the warp and weft to create a hop-sack design. For comparable ballistic performance, 
especially when wet, the Kevlar-wool fabric could potentially reduce the number of 
layers used in a ballistic panel, thereby reducing its bulk as compared to the 100% 
Kevlar panel. The weight-reduced ballistic panel could then result in comfort 
enhancement [7, 13]. Also, wool enhanced the frictional interaction at yarn 
intersections, as well as increasing the resistant forces needed to pull yarns out of the 
woven fabric [12]. However, the contribution of wool in terms of moisture behaviour 
and thermal comfort on this fabric was not evaluated, although it was recognised that 
incorporating wool in the aramid fabric might have the additional benefit of 
transferring moisture through the fabric and thereby improving wearer thermal 
comfort [12, 14]. 
A composite knitted fabric structure has been used in knitting body armour fabric to 
enhance the strength and damage tolerance of composite structures [15]. Knitted 
fabrics are used widely for making body armour, including warp-knitted, interlock 
and bi-axial warp-knitted fabrics [16]. Knitting machinery is used to eliminate the 
cut-and-sew method in clothing with a whole-garment knitting process. This knitting 
technology can produce 3D seamless female body armour vests, which would 
improve fit comfort. Furthermore, eliminating seams in the bust area would improve 
the protective capability of the vest, since seams may weaken the joint part in the 
fabric.  
This study was undertaken because it is essential to study and evaluate aramid 
fabrics and vests in order to determine whether these materials enhance the 
performance of the female body armour, providing better stab protection and 
improved thermal comfort and fit. 
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 Research Questions 1.1.
1. Does a ballistic Kevlar-wool fabric perform better than 100% Kevlar fabric in 
terms of thermal comfort? 
2. How can the Kevlar and wool yarns be designed and engineered into 3D seamless 
female body armour preforms and vests?  
3. Will knitted fabric made of Kevlar and wool yarns have an adequate stab-
protection level and improved comfort performance? 
4. How does the surface coating of aramid fabrics with abrasive particles increase 
piercing resistance and affect its thermal comfort properties? 
5. Can stab-resistant functions be combined in body armour vests with acceptable 
comfort performance? 
 
 Research Aims and Objectives  1.2.
This research aims to design and engineer stab-resistant fabrics and garments, and 
examine their performance for protection and comfort, especially for female 
police/prison officers. The results from this research provide a good reference for 
engineering female body armour capable of resisting knife penetration, as well as 
developing improved comfort performance. The overall rationale of the research is to 
develop and evaluate knitted fabrics possessing stab-resistant functionality with 
consideration of comfort performance for female body armour.  
The objectives are: 
o To evaluate and compare comfort properties of Kevlar-wool fabrics and 100% 
Kevlar fabrics (knitted and woven).  
o To design, engineer and evaluate Kevlar-wool and 100% Kevlar fabrics and 3D 
knitted vests for seamless female body armour.  
o To assemble multi-layer female body armour vests for stab resistance and 
evaluate them for thermal comfort.  
o To enhance piercing resistance by appropriately coating the knitted fabric and 
improve its thermal comfort performance.  
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 Rationale  1.3.
The principal rationale of the study is to fully understand the necessity of body 
armour for prison officers (especially female) to protect against low-energy stab 
threats, which are the most likely threats they will encounter in carrying out their 
normal duties, since attacks using firearms are unlikely in the prison environment. 
The aim is to assess the risks that prison officers may face, in order to design and 
develop suitable body armour fabrics, and particularly female vests, that improve the 
level of protection. Moreover, there is a need to understand the difficulties that face 
prison officers while wearing body armour in terms of comfort. With the latter 
objective in mind, a survey study to evaluate stab and puncture threats and the 
thermal comfort of body armour fabrics was conducted in a location with a hot and 
humid climate. 
This study, also investigated the stab resistance of the knitted fabrics against knives 
and other impactors. The reasons are: 
o From the survey results obtained (see Chapter 4), it was found that prison 
officers do not wear body armour for protection, yet the risk assessment 
undertaken indicated the need for low-energy stab threat protection.  
o  Most of the attacks faced by prison officers were in the form of stabbing using a 
blunt instrument. Also, it was reported that in some prisons, kitchen knives and 
workshop tools were stolen and used to attack officers.  
o Lastly, it is unlikely for prison officers to experience attacks by firearms, because 
firearms are not carried by officers dealing with inmates, and it would be 
extremely difficult for inmates to obtain a firearm from other sources.  
With regard to thermal comfort performance, this thesis focuses on comparing the 
thermal comfort properties of 100% woven Kevlar (commercial fabric) against 
woven Kevlar-wool fabric, to determine how wool enhances the thermal comfort of 
the Kevlar-wool fabric. This is part of the investigation to select protective fabrics 
with thermal comfort consideration.  
 
7 
 
In the investigation of thermal comfort performance (for hot and humid climates), 
the evaluation relied on (dry) thermal resistance and (wet) evaporative resistance, as 
well as moisture management properties, fabric permeability, and porosity. 
This study adopted a knitted structure for the development of the aramid fabric and 
vests. The reasons for selecting knitted rather than woven structure are:  
o From the literature it was found that the knitted structure provides better stab 
resistance than woven fabric [17].  
o All existing knitted structures investigated comprise flat panels that can only be 
used for making male body armour, since seams are not required. However, 
seams are essential to the bust contour for female body armour.  
o Existing woven Kevlar fabrics have been engineered as 3D female body armour 
panels, but not as seamless complete garments.  
o Knitted 3D seamless female body armour has not been developed and there are 
no current studies related to producing a complete garment.  
In this research, 3D seamless female vests were produced to provide a complete 
garment that eliminates the traditional cut-and-sew method to create the bust 
contour and provide a better fit for female wearers. Furthermore, the female vest can 
be multi-layered, according to the protection level required, and the vest can also be 
readily upgraded for different sizes. 
 
  Ethics  1.4.
Ethics approval from RMIT University, College Human Ethics Advisory Network 
(CHEAN), was issued on 28 October 2012 for project number CHEAN B-2000746-07-
12. Also, a notice of approval number 9/17472/20/A dated 17 October 2011 was 
obtained from the Saudi Ministry of Jails, Public Directorate of Jails, to conduct the 
questionnaire survey in a Saudi Arabian prison in Jeddah (Breiman). 
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 Research Limitations  1.5.
The machine used in this research for knitting the fabric was a flat-bed machine 
gauge E14, which has a fixed number of 14 needles/inch. The only way to get very 
tight knitted structures is by minimising the loop length. Knitting tight structures 
with very strong yarns like Kevlar is very difficult, because the yarn has very limited 
stretch and it must not break the machine needles. Only single-jersey fabrics with 
knitting transfer of 30 qualities (tightness) using 137 tex of plated Kevlar were 
knitted. Since the fabrics produced had high densities of 7.28 wales/cm and 8.85 
courses/cm (fabric loop length was 6.63 mm), their performance against spike threat 
was not examined. The NIJ Standard spike has a diameter of 3 mm, which makes it 
easy to pass through the knitted fabric; hence experiments with the Standard spike 
were not performed. 
The number of female officers (28) in the survey conducted in Saudi Arabia study 
was small. A larger number would increase the confidence levels of the study. Also, 
the study has limited suggestions for how body armour can be enhanced, as the 
participants did not have much experience of wearing body armour. 
 
 Thesis Overview  1.6.
1.6.1. Literature review  
The literature review provides brief background information to body armour fabrics 
and vests, and explores related research studies (Chapter 2). 
 
1.6.2. Experimental 
The experimental work describes the research design adopted to achieve the aims 
and objectives. Also, it explores the testing methods and apparatus that were used in 
this research (Chapter 3). 
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1.6.3. Questionnaire survey  
A questionnaire survey was conducted in Jeddah, Saudi Arabia to understand the 
effectiveness and comfort level of current body armour vests, in order to improve 
vest design with considerations of mobility and comfort for prison officers in Saudi 
Arabia. This research targeted both male and female prison officers. The results of 
this research helped to determine the risk level and the difficulties that prison 
officers may face when they wear their body armour vest, with the purpose of 
improving body armour fabrics and protective vests. The survey aimed to provide 
information for body armour improvement, with particular emphasis on the design of 
3D defensive vests suitable for female prison officers to protect them from possible 
stab attack.  This is covered in detail in Chapter 4. 
 
1.6.4. Testing current woven aramid fabrics for comfort 
The thermal comfort of woven ballistic Kevlar-wool fabric (developed by RMIT prior 
to 2010) was tested and evaluated against 100% woven Kevlar fabric (commercial 
fabric). This study assessed the effect of wool in terms of improving thermal comfort, 
moisture management properties and surface properties of the fabrics. The effects of 
fabric physical properties on laboratory-measured thermal comfort were analysed 
and evaluated, in order to measure how wool enhances the fabric with improved 
moisture transport and thermal comfort. This is covered in detail in Chapter 5. 
 
1.6.5. Fabric and 3D seamless female body armour vest production 
Knitted Kevlar-wool and 100% Kevlar fabrics were produced using a flat-bed knitting 
machine. The fabrics were designed as 2D structures for flat fabric manufacturing. 
Then the 2D design was used to develop 3D garments. The 3D seamless female body 
armour vests were designed and engineered using a 2D structure design for the flat-
knitted fabrics. The female body armour vests were manufactured by the knitting 
machine (Shima Seiki) and its inbuilt modelling programs. The body armour vests 
were made by assembling multiple layers of seamless garments knitted from Kevlar-
wool and 100% Kevlar yarns. This is covered in detail in Chapter 6. 
 
 
10 
 
1.6.6. Evaluating engineered fabrics for stab resistance 
Bursting-strength tests a modified method based on the Australian Standard (AS 
2001.2.19), and stab-resistance drop tests based on National Institute of Justice (NIJ) 
Standard (0115.00) were conducted in order to evaluate knitted fabric serviceability 
and stab-protection. A single layer of the knitted fabric was tested for bursting 
strength to determine the force needed to rupture the fabric. The multi-layered packs 
were then assembled to assess whether layering different fabric combinations in the 
pack improves their effectiveness against single– and double-blade knife penetration. 
Also other stabbing tests using different shaped impactors were conducted including 
a 10 mm metal ball, a flat-faced impactor and a pointed impactor for both tests. This 
is covered in detail in Chapter 7. 
 
1.6.7. Testing knitted fabrics for comfort 
The knitted 100% Kevlar-plated and Kevlar-wool plated fabrics were tested and 
evaluated as single layers and as multi-layered panels for comfort, using the same 
methods as used previously for the woven ballistic fabrics. Furthermore, the 
assembled female body armour packs were tested for wearer comfort performance 
using a thermal sweating manikin. The tests included thermal and water vapour 
resistance on a standing manikin (calm conditions). This is covered in detail in 
Chapter 8. 
1.6.8. Conclusion and future research 
The significant finding of this thesis and some work can be conducted in the future 
were summarised in Chapter 9.   
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 Literature Review   Chapter 2 
 Body Armour Brief  2.1.
Currently, security forces and military personnel use body armour to mitigate the 
likelihood of serious injury while engaging in their professional activities. The use of 
body armour is by no means a new phenomenon. From the earliest times, when 
weapons were developed, the means of providing protection against these weapons, 
including the use of body armour, was also developed. Early humans used 
comparatively primitive methods, but as civilisations developed and techniques 
advanced, body armour evolved. Then in the last century, with its two world wars, 
various attempts were made to advance the technology of body armour. Thus the 
first so-called bullet-proof vests were designed in America in the two decades 
following World War I [18-20]. 
 Body Armour Types  2.2.
Various techniques and materials have been developed and tried over time, to 
develop body armours that are effective against projectiles and stabbing, yet are 
sufficiently light in weight to afford relatively normal movement when worn. There 
are two types of body armour, namely, soft and hard. 
2.2.1. Hard body armour 
Hard body armour was traditionally made from metals like iron or steel, or 
incorporated metallic components with other materials. The weight was the most 
important problem for the wearer. Hard body armour often allowed the insertion of 
ceramic, metal or plastic plates to provide protection. The most recent hard body 
armour is both lighter and more effective against a high level of threat, and can be 
made from various materials such as ceramics or composite materials incorporating 
ceramics, often combined with a backing of Kevlar or a similar para-aramid material 
[20, 21].   
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2.2.2. Soft body armour 
Soft body amour is constructed of many layers of flexible woven or other ballistic-
resistant fabrics. The number of layers is based on the protection level required and 
it can exceed 30 layers, assembled together, to form the final body armour pack or 
vest [18, 19, 21].  
It was reported that the first soft body armour was developed by the Japanese and in 
that instance, was made of silk and was most effective against low-velocity bullets 
[21]. The idea was revived in America towards the end of the 19th century, when the 
military attempted to create concealable body armour. The developers found that the 
armour was effective against bullets travelling at speeds up to 121.92 m/s (400 feet 
per second). However, it did not provide sufficient protection against high-speed 
bullets [21].  
The flak jacket was soft body armour made from several layers of woven ballistic 
nylon (model M-1952, nylon) and metal plates that weigh less than 3.5 kg. It was 75% 
effective against shrapnel weapons. However, the flak jacket only protected against 
25% of the majority of bullets fired from pistols or rifles. It was also reported that the 
flak jacket was too “cumbersome and bulky” to wear and it was not tested for thermal 
comfort [19, 21, 22].  
In the late 1970s, a new fibre called Kevlar® was manufactured to facilitate the 
development of modern soft body armour. A research program sponsored by the 
National Institute of Justice (NIJ) identified new Kevlar-based materials that could be 
used to design and develop body armours sufficiently light in weight to allow a police 
officer to wear them while on duty. As a consequence, Kevlar ballistic fabrics with 
excellent ballistic resistance were produced by the DuPont organisation [21].  
 Body Armour Functions 2.3.
Body armour must be effective to resist ballistic and stabbing threats [11]. For police 
officers and military personnel, threats from firearms are the most likely, whereas in 
the case of prison staff, stabbing is probably the greatest risk [23]. In order to 
facilitate meaningful comparisons between different body armour materials and 
 
13 
 
products available, standard methods and procedures for testing body armour are 
necessary. 
2.3.1. Ballistic resistance 
Ballistic resistance is a measure of how well the body armour absorbs the kinetic 
energy of a projectile such as a bullet, when the projectile impacts on it. In a multi-
layer armour construction, each successive layer absorbs part of that energy, with the 
goal of stopping the projectile completely (absorbing all of its energy) before it 
penetrates the final layer. A secondary requirement of these multiple layers is to 
minimise the effects of blunt trauma, which can result in non-penetrative injuries 
such as bruising, bone breakage or damage to internal organs [24-27]. There are two 
principal recognised testing standards for measuring the ballistic resistance of body 
armour: 
o “NIJ Standard-0101.06 for Ballistic Resistance of Body Armour” (2008) 
published by U.S. Department of Justice, National Institute of Justice (NIJ). 
o “HOSDB Body Armour Standards for UK Police (2007) Part 2: Ballistic 
Resistance; Publication No. 39/07/B” published by U.K. Home Office, Scientific 
Development Branch. 
The NIJ Standard classifies body armour into five categories all rating to its ballistic 
resistance performance against specific weapon types, with one additional category 
to allow for classification for any specific and/or special requirements. Similarly, the 
HOSDB Standard also classifies ballistic performance into eight categories it refers to 
as which “threat groups” (weapon/ammunition types). 
2.3.2. Stab resistance 
The use of knives is prevalent in crime and accounts for 90% of crime-related 
injuries. It is therefore incumbent on law enforcement agencies to provide for due 
protection to police officers from stab wounds [28]. While body armour is the norm 
to prevent bullet injuries, the armour tends to be heavy, ungainly and devoid of 
inherent ventilation. Therefore, researchers have focused on devising fabrics that are 
more lightweight, yet retain the strength of body armour and prevent damage to the 
wearer from stab wounds. The performance of stab-resistant body armour is 
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maximised either by using fabrics that have a dense type of weave, or by using 
armour comprised of closely spaced laminated layers.  These are designed  to negate 
the high-impact forces of stab threats caused by pointed knives, spikes, ice picks, etc. 
[29]. Stab-resistant body armour should afford protection against injury from 
penetration and ensure that the movement of the wearer is not unduly restricted. The 
protected area should ensure coverage of the vital organs, in particular, the heart, 
liver, spine, kidneys and spleen [23, 30]. The design of stab-resistant fabrics flows 
from the assessment of the resistant force needed to withstand a knife impact. This 
literature review covers research on the aforementioned topics. 
2.3.3. Knife-stab attack mechanisms  
The stab-resistance mechanism is defined in the recognised Standards, NIJ Standard-
0115.00. This Standard categorises stab-resistance tests into an edged-blade class 
and a spike class.  Furthermore, stab threats are classified into three level: (1) low-
energy threats; (2) medium-energy threats; and (3) highest threat level [30]. The test 
procedure requires a knife blade to impact the test sample at two different energy 
levels; called E1 and E2 as explained in Table ‎2.1. The E1 energy level represents the 
minimum energy required to stop the knife with no more than 7 mm (0.28 in) of 
penetration (protruding tip). The over-test procedure then requires the knife blade 
kinetic energy to increase by 50%. At this higher energy condition, E2, a maximum 
blade penetration of 20 mm (0.79 in) is acceptable. According to the NIJ Standard, 
this measurement applies for both single– and double-blade knives.   
 
Table ‎2.1 Stab-resistant protection level strike energies [30] 
Protection level E1 strike energy (J) E2 over-test strike energy (J) 
1 24.0 ±0.5 36.0 ±0.6 
2 33.0 ±0.6 50.0 ±0.7 
3 43.0 ±0.6 65.0 ±0.8 
 
When the point of a weapon impacts multiple-layered body armour, the constituent 
materials either deflect the threat or tend to stretch before failing, due to their 
inherent characteristics of high tensile strength combined with high resistance to 
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cutting or tearing. The impact force is effectively spread over a greater area of the 
armour [15, 31, 32].  
Common methods of wielding a knife by criminals are a short thrust forward, a 
horizontal style sweep and an overhand stab. Chadwick et al. [28] attempted to 
determine the force associated with knife attacks, so as to provide a basis for devising 
suitable protective armour. The velocity achieved by the hand and arm used in 
wielding a knife was measured using motion analysis. Participants performed five 
stabs for each stabbing style and the results were analysed. During the approach 
phase of a knife attack, the 95th percentile value of associated energy was assessed to 
be 69 J. During the impact phase, the 95th percentile axial force delivered was 1885 
N; lateral force was 343 N and cutting motion 465 N. Drop-tower tests showed a 
maximum energy of 198.7 J for a drop mass of 4.5 kg and an impact speed of 9.4 m/s. 
The force levels measured could rise if aspects such as the rage or fear of 
perpetrators are taken into account [28]. 
Horsfall et al. [33] assessed the human performance in stabbing, to take into account 
the effect of the “highly variable human element” involved. A cross-section of 
participants used a commando-style knife for the study. Police officer participants 
from the Royal Military College of Science (RMCS) yielded energy values that were 
similar; there was a marked difference between male and female participants. The 
mean energy figures belied the fact that a few participants came up with suboptimal 
minimal scores. The underarm 95th percentile energy applied by males was 54.9 J, 
while females could produce 22.4 J. The mean underarm energies were 28.1 J for 
males with a maximum of 63.4 J. Females’ underarm average was 10.8 J with a 
maximum of 30.9 J. All overarm tests showed an average of 46 J and percentile 
energy of 77 J with a maximum of 115 J. Therefore, the 95th percentile values were 
considered suitable for body armour design [33].   
Horsfall et al. [34] also studied the effect of the shape of the knife handle on stabbing 
performance. Knife handles of various kinds were used; including small and large 
‘survival’ handled knives as well as folding and kitchen knives. Participants varied the 
way they held the knife with respect to the knife guard so as to generate unbiased 
data. While one test was conducted with the hand in contact with the knife guard, 
another test required the participants to hold the knife handle away from the guard 
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in order to ensure that the force was not transmitted through the knife guard to the 
target. The results showed that individual differences in body mass and gender 
mattered much more than knife handle dynamics in the force generated. The shape of 
the handle and the position of the hand on the knife handle in relation to the knife 
guard had only a marginal impact on the overall force generated [34]. 
 Materials Used for Body Amour Panels  2.4.
2.4.1. Yarn and fibre 
There are several kinds of yarn and fibre used for making body armour fabric. 
Table ‎2.2 shows the mechanical properties of most common yarns suitable for 
protective application [19, 35-39].  
 
Table ‎2.2 Mechanical properties of body armour materials 
Ref  Material  Tensile 
strength 
(MPa) 
Density 
(g/cm3) 
Elongation 
(%) 
Modulus 
(GPa) 
Chemical component 
[19] Kevlar®  
29, 49,149 
by DuPont 
2920, 3600, 
3450, 
respectively 
1.44, 1.44, 
1.47 
respectively 
3.5, 2.9, 1.5, 
respectively 
83,124, 
179, 
respectively 
poly-para-phenylene 
terephthalamide 
(PPTA) 
[39] Twaron® 
by Teijin 
3000 1.44 3.3 80 PPTA and poly-para-
phenylenediamine 
(PPD) 
[19] Technora® 
by Teijin 
3000 1.39 4.4 70 Condensation 
polymerisation of 
terephthaloyl chloride 
(TCl) with a mixture of 
(PPD) and 3, 4’-
diaminodiphenylether 
(3, 4’-ODA). 
[19] Dyneema® 
by DSM 
3090 0.97 4.5 111 Ultra-high molecular 
weight polyethylene 
(UHMW-PE) 
[19] Spectra® 
by 
Honeywell 
3000 0.97 3.5 172 (UHMW-PE) 
[35] Zylon®  AS 
and HM by 
Toyobo 
5800 1.54, 1.56 
respectively 
3.5, 2.5 
respectively 
180, 270 
respectively 
Poly-phenylene 
benzobisoxazole PBO 
 
Some natural fibres such as wool and cotton were incorporated with the aramid 
material for additional advantages of their application [12, 29]. Tien et al. [29] 
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produced a stab-resistant fabric from Twaron and cotton with single– and doubled-
plied core-spun yarns. Cotton staples were combined with the p-aramid filaments to 
create a large number of permutations of thickness and density for stab resistance. A 
standardised drop tower test was carried out. It was seen that increased fabric 
densities led to better stab resistance. It was, however, observed that if the fabric 
density exceeded 8.4 picks/cm, the difference in penetration depth between 5 mm 
and 10 mm was marginal. This led to the conclusion that there is an optimal fabric 
density and structure to be considered while designing fabrics for stab resistance. 
The higher densities lead to greater cumbersomeness. Hence, the density of 8.4 
picks/cm was considered optimal for designing a body armour fabric [29]. Sinnappoo 
et al. [12] used wool yarn with Kevlar as a union blend to produce a square set woven 
ballistic fabric and the wool represent 27% of fabric total. The proposed function of 
wool in a Kevlar-wool fabric is to increase friction between yarns and restrict lateral 
yarn separation during impact. However, the thermal comforts properties and 
moisture management assessment were not evaluated in their study.    
2.4.2. Woven fabric  
Aramid fabrics are used to make protective clothing for wearers’ safety. Although 
several high-performance fabrics on the market provide good ballistic resistance, 
Kevlar is one of the common filaments used in making modern ballistic protective 
clothing. Kevlar typically has high strength combined with low weight [7]. In order to 
exceed the protection threshold against ballistic threats, most protective clothing is 
constructed using panels made of multi-layered aramid fabric [40]. The choice of 
specific materials determines to a great extent the ballistic or stab resistance of body 
armour, and the fabric structures also have a considerable effect on its efficacy. 
Woven structures are most widely used, although it is recognised that ballistic 
performance can be influenced by the type and structure of the weave.  
Chen et al. [41] investigated the mould ability of angle-interlock woven fabrics for use 
in technical applications. The premise is that mouldable fabrics have practical uses in 
a range of applications including body armour. Specifically, they investigated the 
potential of moulding angle-interlock fabrics based on two methods: shear and 
deformation testing. Their findings show that for a given type of yarn, the mould 
ability of these angle-interlock woven fabrics is closely related to two parameters: the 
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density of the fabric and the numbers of layers. Moreover, they also discussed the 
technique for the manufacturing of 3D (shaped) woven fabrics. Possible applications 
include composite materials for reinforcement of military or police helmets, female 
body armour and other uses where seamless constructions facilitate more efficient 
manufacture and better protection. Seams may create lines of weakness; hence a 
seamless construction is a definite advantage. Further investigation into the 
performance of woven aramid fabrics by Kaharan et al. [42] showed that fabric ply 
numbers and types of stitching had significant effects on the fabric’s protective 
performance [43]. 
Tien et al. [44] studied the anti-stab characteristics of fibre-reinforced composites, 
which combined with cotton to increase wearer comfort. An increase in fabric density 
was more effective than an increase in fabric thickness in improving stab resistance. 
Higher specimen weights also resulted in reduced penetration depths; this aspect 
however, had to be viewed in conjunction with wearer comfort. As different materials 
behaved differently in stab testing, hybrid fibres of basalt and cotton provided the 
best stab resistance, followed by metal and aramid [44]. 
2.4.3. Nonwoven fabric 
Lin et al. [45] investigated the use of fabricated compound nonwoven materials as 
soft body armour. The material used for this investigation comprised layers of a web 
made by applying low-melting-point polyester onto the unaligned fibres of a high-
strength polyamide 6. Then a compound nonwoven fabric was created by 
sandwiching high-strength filaments of Vectran between two layers of that web. 
Vectran is a high-performance multi-filament yarn spun from liquid crystal polymer.  
The composite was then needle-punched and thermally bonded to produce the 
finished composite structure. It was tested in two ways: a falling weight test with a 9 
mm simulated bullet-shaped impactor and a ballistic impact test (using a 9 mm 
Beretta 92FS handgun). The findings showed that the newly created composite 
material achieved an impact indentation reduction of 8%, coupled with added 
benefits such as being cheaper to produce and more than 20% lighter than 
conventional material used for soft body armour. The research also showed that 
improvements in cushioning and resistance to ballistic impact corresponded to the 
area density of the Vectran filaments used.  
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2.4.4. Knitted fabric 
A range of various knitted products such as meshes, plain fabrics and spacer fabrics 
has been used for military and police applications [46]. Jin et al. [47] investigated the 
ballistic-resistance performance of a bi-axial warp-knitted (BWK) fabric. The BWK 
reinforcement in a multi-layered textile composite comprised cross-plies of 0 and 90 
degrees of “straight fibre rows (warp and weft yarns) and knitted loop yarns (tricot 
yarns)” [47].  
Flambard and Polo [15] investigated the stab resistant performance of knitted single 
jersey fabric made of PPTA and PBO fibres, which are registered as Kevlar®29 and 
Zylon® respectively. They found that when compared with PPTA fibres, the PBO 
fibres demonstrated better performance in terms of stab resistance. The authors 
indicated that the best stab-resistance results were obtained by using a combination 
of PPTA and PBO fibres to form the knitted fabric. This knitted blend fabric of 2640 
g/m2 resisted 25 J of stab energy. However, the authors did not provide any 
information about the component they used to achieve these results in their paper. 
Also, there was no information about the knitting techniques they used or the 
number of fabric layers they tested.   
Alpyildiz et al. [48] manufactured warp-knitted fabrics from p-aramid fibres with and 
without inlay yarns. The authors noted that relatively few previous studies existed 
regarding knitted fabrics. From the comparisons made, Alpyildiz et al. concluded that 
the knitted structures’ so-called “double-face, which is composed of courses on the 
front and back beds with a tuck course combining the courses on each bed”, 
performed better than plush and jersey structures. As a consequence, they stated that 
by utilising inlay yarns – optimized in terms of quantity and type – as well as tuck 
stitches as part of the structure [48], it is possible to further develop knitted 
structures to give even better cut and/or stab resistance [15, 48]. 
Miao et al. [49] assessed the utility of a specialised knitting process to provide good  
ventilation and inherent strength due to a warp-style knitted structure for stab 
resistance. Having noticed that textile structures used in body armour suffered from 
shearing and tensile action in knife attacks, their study used a warp-knitted spacer 
fabric, sandwiched in three dimensions for added strength, with warp-knitted 
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stitches. The warp-knitted spacer fabric was found to be more effective when 
compared to a single-face fabric in stab resistance due to its better compression 
resistance. Increasing fabric density resulted in a corresponding increase in stab 
resistance. Beyond a medium thickness of 10 mm, the stab resistance of the fabric 
decreased. This was because the contribution from the spacer layer, the key to the 
improved stab resistance, reduced as the fabric thickness increased (to 14 mm) and 
the compression stiffness decreased. In addition, it was observed that thicker fabric 
was more unwieldy for practical applications. Thus, their ideal configuration to defeat 
knife stabbing attacks was a high-density warp-knitted spacer fabric of 8 mm and 10 
mm thickness [49]. 
2.4.5. Other material 
Composite structures can also be used to advantage to improve overall ballistic 
resistance. Lin (2005) proposed the use of cushion layers on the inside of the armour 
to reduce the effects of blunt trauma [50]. 
Other techniques include coating the armour fabrics with a natural rubber compound 
to improve the ballistic resistance. Alternatively, Kevlar material can be soaked in a 
shear-thickening fluid, which behaves as if it is a solid when struck by a high speed 
projectile, creating what can be called “liquid body armour” [51]. 
From the previous literature on the materials used in making body armour, it was 
found that there is little experimental data that refers to protecting from stabbing 
threat, especially for female body armour.  
 Female Body Armour Development 2.5.
In contrast to male body armour, problems are encountered with the manufacture of 
female body armour due to the curvaceous shape of the female body [52]. Female 
body armour has the purpose of protecting women’s torsos, particularly for those 
women who are involved in the military, police sectors or law enforcement activities. 
The current methods used in making female body armour include cut-and-sew 
techniques, overlapping, moulding and angle-interlock [9, 53-55]. 
 
21 
 
2.5.1. Cut-and-sew technique 
The cut-and-sew method is used in making female body armour. The technique uses 
the 2D basic flat patterns of a women’s torso. It requires the introduction of chest and 
waist darts in different positions in each layer to create the contour of the front panel, 
which transfers the flat pattern to a 3D pattern [56]. Bruniaux et al. [53] used this 
strategy to adjust the protective zones of the female vest. The chest and waist darts 
are placed parallel in the front pattern. In the first layer of female body armour, the 
chest and waist darts are located nearest to the body centre line, as shown in 
Figure ‎2.1. In the next layer, these darts are shifted, taking into account the thickness 
of the compressed fabric. This shifting technique is then applied for other layers [53]. 
Figure ‎2.1 (a) illustrates the 2D pattern for a female body armour vest and Figure ‎2.1 
(b) shows the shifted positions of the darts, which depend on the required protective 
zone for the  application [53, 56]. This method has a negative consequence due to the 
seams created by the stitching needed to produce the contour. The bust might 
become the weakest zone against impact as a result of the broken seams and the 
bulkiness that forms in the sense of them being cut then sewn.   
 
Figure ‎2.1 (a) Front 2D pattern design for female body armour vest;  
(b) Dart positions of 2D pattern [56] 
 
22 
 
2.5.2. Overlapping 
In the female body armour that Mellian and Watertown [54] invented, the contoured 
front protective armour panel was composed of multiple superposed layers of 
ballistic-resistant plies of fabric made of aramid polymer yarns. The contour was 
obtained through the overlap of the seams that joined two side sections to the panel’s 
central section, causing the front protective armour panel to be contoured to the 
bust’s curvature, Figure ‎2.2. However, the overlapping seams could permit small 
projectiles, if impacting directly at the seam edges, to penetrate through the fabric. 
 
Figure ‎2.2 Overlapping seams [54] 
2.5.3. Moulding  
A moulding method for female body armour was reported by Hussein and Parker 
[10]. It was made of multiple layers of laminated woven structure that was ballistic-
resistant and that was moulded to conform to a female torso. The mould normally has 
matching upper and lower halves shaped to a woman’s bust. The moulded shape of 
this garment could be retained, which provided the wearer with ease of movement 
and increased fit comfort. The base functional layer of this garment was made of a 
three-dimensional woven material and a thermoplastic material was used for fusing 
the fibres forming the three-dimensional woven material together, in order to enable 
improved handling during the material’s lamination and increased ballistic resistance 
during the garment’s use [10].  
Smith and Ting [55] developed a similar technique for moulded flexible female 
armour with a three-dimensional woven material. The multiple-layer fabric joined 
and moulded to the female torso. The moulded layer was constructed by aligning the 
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desired number of woven fabric layers. Adhesive resin was applied to each sheet 
carefully to completely soak the yarns of each layer [55]. Figure ‎2.3 shows their 
moulding procedure, placing the multi-layered woven fabric between the 
compressing halves with pressure applied within a range of 1.1 to 2.8 kg/cm2 (to 40 
pounds per square inch). If resin or other treatment is applied, the mould may be 
placed in a low heat for curing. This method is capable of being moulded and of 
retaining the moulded shape to provide the wearer with ease of movement and 
increased fit comfort. However, these techniques are more likely to cause creases and 
folds because of the inflexibility after fabric coating. Moreover, the creases might 
cause problems with fit and comfort since the woven fabric is not stretchy. 
 
 
Figure ‎2.3 Moulding procedure for female body armour [55] 
 
2.5.4. Angle-interlock  
Chen and Yang [52] proposed the use of angle-interlock woven fabrics as an 
alternative to the conventional plain woven fabrics in the manufacture of female body 
armour (Figure ‎2.4). The angle-interlock of woven fabric consists of layers of weft 
yarns that are laid straight and sets of crimping warp yarns to lock the layers of weft 
yarns together [57, 58]. It is capable of being moulded without the need for folding or 
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cutting. It has the same ballistic-resistant capabilities as the conventional fabric 
constructions for body armour.  
Chen and Yang [9] developed a mathematical model for the moulding of angle-
interlock fabrics in order to enable the quick creation of female body armour. This 
model took the bra size and the body size as the inputs and gave the profile of the 
female body armour’s front pattern as the output [9]. Similarly, mathematical 
modelling was used for various types of three-dimensional weaves due to the 
complexity of their shapes and micro-structures. These mathematical models were 
also used in the development of CAD and CAM software for three-dimensional fabrics 
[59]. 
 
Figure ‎2.4 A dome created from the angle-interlock [52] 
 
2.5.5. 3D knitting technology 
Most of the knitting technologies used in body armour fabric are flat fabric and 3D 
composite fabric [16, 17, 60]. Knitting technology can also produce a 3D complete 
garment for female body armour. 3D seamless knitting technology can create a 
complete garment with no cutting or sewing required, thus largely eliminating seams. 
This offers an opportunity for designing and engineering female body armour vests. 
However, the 3D knitted body armour garment has not been reported. In this thesis, 
the 3D seamless knitting technologies are explored. 
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 Comfort of Body Armour 2.6.
Government officials, police and military personnel use body armour with different 
styles varying from group to group. When it comes to choosing between styles, 
wearers consider the end use, which depends on the protection level required [11]. 
They also consider the comfort levels of body armour. A multi-layered body armour 
vest can be very heavy and uncomfortable to wear, if the layer number exceeds 40 or 
50 layers. This high-bulk has an impact on mobility. The rigidity and weight of the 
body armour in the length of the torso hinder a person’s ability to move efficiently 
and affect balance [11, 21, 61].  
Advanced body armour technologies aim to reduce the vest weight in order to 
enhance comfort level [5-7]. It is reported that users are reluctant to wear 
uncomfortable protective vests because they are heavy and inflexible [8]. Therefore, 
the interaction between the protective vest and the body is an important factor that 
needs to be considered while designing body armour. One of the critical factors is 
selecting the fabrics, especially when both protection and comfort are considered 
[62]. 
 Thermal Comfort Properties 2.7.
Comfort entails a complex combination of properties, both physical and subjective. 
Comfort is defined as the existing assessment between the environment and the 
individual [63]. It is a complex mix of different, subjective sensations. It can also be 
defined as the ability to maintain constant body temperature through the thermal 
balance of heat generated by the body and transferring it to the environment [63, 64]. 
It is generally agreed that thermal resistance, water-vapour resistance, moisture 
transfer, air permeability and surface friction are the most important parameters 
[65]. There are also other factors like size, fit and mobility [66]. It is essential to 
consider these parameters when designing protective body armour vests to enhance 
the function of the design. The design for protective clothing has many requirements 
that include the comfort, accessibility, mobility and fit of the wearer. In fact, the 
attributes of an individual, the clothing and the environment influence the comfort 
[11, 67].  
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2.7.1. Thermal resistance 
Thermal comfort can be considered the wearer’s subjective satisfaction with the 
thermal environment [68]. The human body requires the elimination of excess heat 
generated within the body [69]. This occurs through dry heat losses and perspiration 
from the body to the environment. Dry heat losses depend on the clothes and the air 
gap between the skin and the garment layers. [64, 69]. The heat transfer between the 
environment and the body via moisture movement constitutes a major comfort-
maintaining mechanism [7, 61, 67]. The heat lost from the body is via radiation or 
convection, and fully depends on the temperature gradient existing between the skin 
and the environment [63, 70]. Excess heat can dissipate rapidly with the heat flow 
next to the body surface and the evaporation. The rapid dissipation is by vaporisation 
of perspiration. At this point, the body is a source of latent heat. Therefore,  clothing 
layers could hinder free evaporation, which might cause discomfort [68].  
Undesirable heat loss is prevented by increasing the thermal resistance of the barrier 
existing between the environment and the body. In hot conditions, fabric that 
prevents heat loss results in discomfort for the wearer. In determining the skin 
temperature, the ambient air temperature dominates in the temperature influence. 
When the temperature is low, clothing is necessary especially for the regulatory 
process, because the body will not continue compensating for heat loss under the 
conditions. Winter clothing must prevent undue heat loss and should also allow the 
escape of surplus moisture or heat in situations where this is necessary [71, 72].  
2.7.2. Evaporative resistance 
Evaporative losses rely on sweat evaporation from the skin to and through the 
garment layers. The bulk of a ballistic panel makes it difficult for body heat and 
moisture to pass through and as a consequence the wearer feels uncomfortable [7]. 
Thermal comfort can be increased by transporting moisture away from the body [64]. 
Though fabric may provide a certain level of thermal comfort [13], its thermal 
management performance may be negated by any water-resistance treatments given 
to the fabric for improving the performance in wet conditions [40].  
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The thermal comfort behaviour of a multi-layer protective panel is governed by its 
constituent layers. It is necessary to understand the thermal comfort properties of 
individual fabrics. Furthermore, the knowledge of individual fabrics can be used to 
design a multi-layer fabric assembly and predict its comfort performance in end uses. 
In order to be thermally comfortable when the body is heating up and sweating, the 
garment should be able to transfer heat and moisture away from the skin to the 
atmosphere [64].  
2.7.3. Moisture properties  
Fabric moisture properties are the ways that the fabric allows water to pass through 
it. The process takes place in both the vapour and liquid phases of water. This 
property of water transport is known as the permeability of the fabric to moisture 
vapour [73]. In most cases, movement of water through the fabric is necessary. There 
are factors affecting moisture permeability including the micro-porous nature of the 
fabric, fabric structure and properties, blending, fabric finishing and treatment [74, 
75]. 
2.7.4. Air permeability  
The main disadvantage with body armour is its multi-layered designs, which cause a 
lack of air permeability. Air permeability is defined as the velocity of an air flow 
passing through the fabric vertically under specified conditions of test area and air 
pressure drop [76]. The absence of air permeability of body armour makes the 
wearer perspire in excess uncomfortably. Consequently, body armour may not be 
worn despite the hazards that are involved and in most cases law enforcement 
officers do not wear the armour. They refuse to wear body armour because it comes 
with acute discomfort due to the impermeable components [8]. Currently, the main 
objective is to increase permeability comfort in body armour. Enhancement is also to 
reduce the weight and thickness in order to improve the evaporation of sweat over a 
large percentage of the body area. A unique profile is associated with the protective 
clothing that requires specific surface area coverage, which does not allow for the 
numerous design variations that improves the thermal comfort of the wearer [11, 56]. 
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 Summary  2.8.
Soft body armour is constructed of woven ballistic-resistant fabrics and can surpass 
30 layers or more. It is effective against stabbing and light in weight for the comfort 
of wearers. The use of knives in stabbing is widespread and causes up to 90% of all 
stabbing injuries. To ensure due protection for police officers, stab-resistant armour 
and fabrics with a dense weave, knit or thick layers need to be considered. At the 
same time, the armour needs to provide adequate comfort for the wearer. 
Research findings suggest that an increase in fabric density should have a greater 
effect than an increase in fabric thickness to achieve the preferred stab and puncture 
resistance. Aramid fibre and high-performance polyethylene have been largely used 
by manufacturers of body armour. Most body armours are constructed using multi-
layered assemblies of fabric. Most of the previous studies discussed have 
demonstrated that knitted structures can produce better stab and puncture 
resistance than woven fabrics.  
Problems persist concerning female body armour due to the old cut-and-sew 
technique. To overcome the problems, one study transferred the flat pattern to a 3D 
pattern; as a result, the protective zone of the female vest was entirely 
accommodated. The latest development was a three-dimensional female body 
armour panel that created the bust contour, and it was made of woven Kevlar fabric. 
However, this 3D female panel only made the front of the vests, not a seamless 
complete garment. 
Comfort is psychologically and physically an important aspect. The main objective of 
comfort is to provide reasonable thermal, moisture and permeability comfort to 
wearers. Consequently, the body armour fabric and panels should offer permeability 
comfort by reducing the weight and thickness that can prevent the evaporation of 
sweat. To conclude, advanced body armour technologies intend to reduce the vest 
weight and boost the comfort level. The foremost drawback with body armour 
remains its multi-layered design, which still lacks a good deal of air permeability and 
fit. 
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 Experimental  Chapter 3 
In Chapter 2, the literature review provided brief background information on body 
armour fabrics and panels, and explored related research studies. This chapter 
describes the research design adopted to achieve the aims and objectives stated in 
Chapter 1.  
 Textile Materials  3.1.
3.1.1. Woven fabrics 
Two woven ballistic fabrics were selected for testing their comfort performance with 
and without the inclusion of moisture absorbing natural fibre (wool). The first fabric 
was plain woven commercial 100% Kevlar® Type A363. The second fabric was a 
ballistic Kevlar-wool woven fabric developed by Sinnappoo et al. [12]. The woven 
Kevlar-wool was engineered with the same number of picks and ends per centimetre 
as the Kevlar® A363 fabric by integrating the wool (24 µm unshrink-proofed cross-
bred) and Kevlar yarns together as an equivalent yarn into the warp and weft of a 
simple square-sett plain weave. 
3.1.2. Yarns 
For developing the knitted fabrics and multi-layered panels, 100% Kevlar and 100% 
wool yarns (two-fold semi-worsted 24 µm) were selected. The selection was based 
on their yarn count to develop a plated knitted structure that could produce two 
different fabric blends with as similar properties as possible. The details of the yarns 
used in this study are presented in Table ‎3.1. 
Table ‎3.1 Yarns details 
Fibre 
(100 %) 
Yarn count 
(tex) 
Yarn type 
Kevlar 93 Continuous filament 
Kevlar 44 Continuous filament 
Wool 41 Spun, two-fold 
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 Methods and Methodology 3.2.
3.2.1. Survey procedure and data collection  
As an initial step, police personnel were surveyed using a questionnaire to assess 
officers’ satisfaction with current ballistic vests. The country selected was Saudi 
Arabia since the country’s climate is hot and humid during the year. The study 
revealed how police officers interact with body armour in this weather. The survey 
was conducted in Briman prison, Jeddah Saudi Arabia, because it is a coastal city and 
the climate is hot and humid almost all the year.  
The questionnaire was completed by prison officers, both male and female, to 
determine the necessity of body armour vests. The data obtained from this survey 
covered the risk level and the difficulties that prison officers face when they are 
wearing their body armour vests. A combination of multiple choice answers and open 
questions was used to elicit information about the participants’ work experience, 
whether and how they wear protective vests, and their comfort experiences. The 
questionnaire survey contained the following sections: (A) the body armour user; (B) 
the risk level inside the prison; (C) the body armour comfort level; (D) user 
experience and satisfaction; and (E) additional comments and prison officers’ 
opinions (see details in Appendix A). The data collection procedure was as follows: 
o The user questionnaire survey form and participant information sheet were 
written in both English and Arabic.  
o After permission was obtained from the general manager of the jail, a hard copy 
of the survey and the participant information sheet were handed to the prison 
social worker for both the male and female departments to distribute to the 
officers working in the prison.   
o Participants were kindly asked to be volunteers in this research by filling in the 
survey form in their free time and then returning it to the researcher. 
o The participants surveyed were 74 male and 28 female officers.  
o The collected data were categorised by gender and analysed as percentage for 
each question.  
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3.2.2. Bursting-strength 
The ball-burst method was used to determine the bursting force through selected 
protective fabrics using the modified Australian Standard AS 2001.2.19 
(determination of bursting force of textile fabrics ball-burst method). The tests were 
performed on a Lloyd instrument under the conditions of 65±3% RH and 20±2 °C. 
The compression rate was set at 1000 mm per minute, which is the maximum speed 
for the instrument. A polished spherical steel ball 10 mm in diameter was used in 
testing.  
This method was also used to test the developed knitted fabric with different 
impactors (Figure ‎3.1) including: standard knives, flat-faced impactor and pointed 
impactor (simulating an AK-47 round). After clamping, the impactors compressed the 
centre of a fabric area of 45 mm in diameter in order to measure the rupturing force. 
An average of three bursting-strength results was reported for each fabric.  
 
Figure ‎3.1 Knives and objects used for bursting tests: (A) 10 mm spherical steel ball; 
(B) flat-faced impactor (8 mm); (C) pointed impactor (8 mm); (D) single-blade knife; 
and (E) double-blade knife. 
3.2.3. Stab resistance drop-test method 
NIJ-0115.00 Standard [30] was used for stab-resistance drop tests. The apparatus 
used for the drop-mass test is described in  Figure ‎3.2, which was designed according 
to the Standard. Drop-mass production and specification are attached (in Appendix 
B). Single– and double-blade knives were used in this study. The knives were 
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supplied by Sharpen Up, Australia, according to the Standard specifications 
(Appendix C). The knives were sharpened after ten tests. 
 
 Figure ‎3.2 Stab-test apparatus (drop-test tube) 
The mass drops freely under its fixed weight through a long tube to strike the target 
box containing the armour fabric sample and a Plastilina®, which simulates the 
human body. The Plastilina® temperature was about 37±0.5 °C during the test. The 
strike energy of the drop-mass was calculated as a kinetic energy (KE) using 
Equation ‎3.1. The air resistance and the friction between the test tube and drop-mass 
guide were not taken into account. Therefore, the velocity of the drop mass was 
measured when the tip of the knife reached the surface of the sample, the velocity 
unit having an accuracy of 95%. Stab tests were carried out under a temperature of 
21±6 °C and relative humidity of 50±5%.  
         Equation ‎3.1 
Where: 
KE is kinetic energy 
m is drop mass weight [1.7 kg] 
v is velocity [m/s] 
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3.2.4. Instruments and testing methods 
Equipment and Standards used in this study are listed in Table ‎3.2.  
Table ‎3.2 Equipment and standards used 
Procedure Equipment and Standard 
Knitted fabric and vest 
production 
Knitting machine, Shima Seiki SES-S.WG®, and its whole-garment WG-SDS-
ONE APEX3 program 
 Fabric physical properties testing 
Fabric conditioning RMIT conditioned laboratory and conditioning cabinet 
 (AS 2001.1-1995)  
Mass per unit area Laboratory balance, 3200g-Fz-3000i  
(AS2001.2.13-1987) 
Thickness SDL thickness tester 
(AS 2001.2.15-1989) 
Wales and courses per 
unit length 
Carson Linen test 5x power, 30 mm lens stitch counting magnifier (LT-30)  
(AS 2001.2.6-2001) 
Picks/ends per 
centimetre 
Carson Linen test 5x power, 30 mm lens stitch counting magnifier (LT-30) 
 (AS 2001.2.5-1991) 
Optical porosity Motic Microscope and software Motic Images Plus 2.0 ML 
Air permeability Air permeability tester M021S, manufactured by SDL Atlas 
 (EN ISO 9237.1995) 
Moisture regain Ventilated lab oven, set to 102 °C (ISO 6741) 
Fabric dimensional 
change 
Horizontal washing machine  
(AS 2001.5.4-1987) and (AS 2001.5.1-1987) 
 Thermo physiological comfort testing 
Thermal and water 
vapour resistance - 
fabric 
Sweating Guarded Hotplate (SGHP), manufactured by SDL Atlas 
(ISO 11092:1993(E)) 
Moisture management 
test 
Moisture Management Tester instrument, manufactured by SDL Atlas 
(AATCC TM 195-2009) 
Thermal insulation and 
evaporative resistance - 
garment 
Sweating thermal manikin, Newton 
ThermDAC control software by MTNW 
 (F1291-10) and (F2370-10) 
 Others 
FTIR analysis Perkin Elmer Laser Spectrum 400, Fourier transform infra-red spectroscopy 
(FTIR) 
Fabric surface analysis Kawabata Surface Tester (KES-FB4-AUTO-A) 
Fabric structure and 
analysis images (SEM) 
Microscope, FEI Quanta 200 ESEM (2002) 
Microscope, Philips XL30 SEM (1999) 
Optical Microscopes, Leica digital image DM 2500 M, Leica Application Suite 
V 3.2.0. software 
Thermography image FLIR T440bx thermal camera, FLIR Research IR 3.4 SP3 software 
Body size 
measurements 
Full body female manikin, size 14 US 
3D body scanner system made by Textile/Clothing Technology [TC]2 
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3.2.5. Fabric physical properties 
Fabric physical properties were tested according to relevant Australian Standards 
and included: fabric weight (mass per unit area), thickness, wales and courses per 
unit length, picks/ends per centimetre, optical porosity, air permeability, moisture 
regain and dimensional change, which influence fabric comfort properties. 
The fabric specimens were conditioned to ensure that subsequent conditioning in the 
standard atmosphere commenced from a dry state under standard conditions of 
65±3% relative humidity and temperature of 20±2 °C for 24 hours according to AS 
2001.1-1995. Fabric samples were exposed in the standard atmosphere until 
moisture equilibrium had been attained [77]. 
3.2.5.1. Mass per unit area 
Five specimens of each fabric measuring 100 mm × 100 mm were conditioned and 
tested in a standard atmosphere. Each specimen was weighed by a measuring 
balance. The mass per unit area was calculated using Equation ‎3.2 [78]. The 
arithmetic mean of five readings was reported.  
    
 
 
 Equation ‎3.2 
Where: 
Mua is the mass per unit area of the fabric after conditioning in the standard 
atmosphere of testing, [g/m2] 
a is the area of the specimen, [m2] 
m is the mass of the specimen, [g] 
3.2.5.2. Thickness 
The thickness of fabric samples was measured as the distance between the reference 
plate and parallel presser foot. The indicator reading was recorded [79]. 
3.2.5.3. Wales and courses per unit length 
The number of wales and courses in a knitted fabric were counted along a line at 
right angles to the courses or wales being considered. Fabric samples were 
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conditioned and each fabric was laid horizontally on a table with minimum tension to 
keep the fabric flat. The number of wales and courses was counted using a stitch-
counting magnifier, avoiding the fabric edges [80]. 
3.2.5.4. Picks/ends per centimetre 
The number of ends and picks in a woven fabric were counted along a line at right 
angles to the yarn being considered. The lengths of fabric were chosen so that the 
number of threads counted, in each case, was not less than 50. Five samples from 
each fabric were tested. Five counts in each of the warp and weft directions were 
counted, avoiding the selvedge of the fabric, using a stitch-counting magnifier [81]. 
3.2.5.5. Optical porosity 
The coefficient of fabric optical porosity is the total pore distribution of the fabric in 
2D image [82], which determines the openness of the fabric. The optical porosity was 
investigated by analysing fabric surface-image segments obtained with an optical 
microscope. A microscope magnification of 2× (objective lens) was used to capture an 
image. The digital images from light transmission were acquired by the multi-media 
software Motic Images Plus 2.0 ML. This software analyses the dark shadow 
segments on an image of 752 × 524 pixels. The optical porosity was calculated based 
on the percentage illumination of the air spaces that the microscope image captured 
[83]. 
3.2.5.6. Air permeability 
The air permeability tester M021S, manufactured by SDL Atlas, was used to measure 
the air permeability of the fabrics according to EN ISO 9237.1995.20. The fabric 
sample size was 80 mm × 80 mm and five measurements were taken. The air 
permeability R was measured as the volume flow of air per unit pressure per unit 
area of fabric, expressed in millimetres per second. It was calculated using 
Equation ‎3.3. 
   
  ̅̅ ̅
 
       Equation ‎3.3 
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Where: 
   ̅̅ ̅ is the arithmetic mean flow-rate of air 
A is the area of fabric under test, and A = 4.908 cm2 
167 is the conversion factor from the cubic decimetres 
3.2.5.7. Moisture regain 
The moisture regain was measured according to ISO 6741[84]. Moisture regain is the 
mass of water absorbed by a known mass of completely dry material exposed to the 
standard atmosphere, as mentioned earlier, for at least 24 hours [85]. Moisture 
regain was calculated using Equation ‎3.4. 
             Regain 
       
 
  Equation ‎3.4 
Where: 
W is the mass of absorbed water 
D is the oven dry mass of the fabric 
3.2.5.8. Dimensional change 
Fabric dimensional change was also tested according to AS 2001.5.4-1987 and 
general requirement AS 2001.5.1-1987. Three specimens from each fabric were 
marked (200 × 200 mm) and measured, avoiding the fabric edge by 25 mm according 
to the standard. Three pairs of marks parallel to the course direction of the fabric and 
three pairs parallel to the wale direction were drawn. The distance between each pair 
was measured and recorded. The washing procedure used was (3A) gentle heating 
and rinsing in 20±3 °C for a horizontal machine with household detergent (Surf 
brand). The samples were dried by flattening the fabric on a table until completely 
dried. Measurement after washing was recorded. The percentage change was 
calculated using Equation ‎3.5. 
                               
     
  
      Equation ‎3.5 
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Where: 
Da is the dimension after washing [mm] 
Do is the initial dimension [mm] 
3.2.6. Thermo-physiological comfort testing 
3.2.6.1. Sweating guarded hotplate (SGHP) 
A SGHP, manufactured by SDL, Atlas was used to simulate the heat and moisture 
transfer processes that occur between the skin and the fabric according to ISO 
11092:1993(E). The value of the arithmetic mean of three readings from each 
specimen of the fabric and the standard deviation were calculated according to the 
Standard [86]. Three specimens, each measuring 300 mm × 300 mm, were tested for 
each fabric. 
The thermal resistance test measured the energy required to maintain a constant 
temperature of 35 °C on the surface of the measuring plate. The energy value and the 
temperature difference between the plate surface and the surrounding ambient air 
were used to calculate the thermal resistance of the fabric sample using Equation ‎3.6 
[86]. The fabrics were conditioned under the standard conditions [77] before thermal 
resistance measurement. The thermal resistance measurement unit temperature 
(Tm) was 35 °C, air temperature (Ta) was 20 °C and relative humidity (RH) was 65%. 
The air speed was 1 m/s. 
    
            
 
        Equation ‎3.6 
Where: 
Rct is the thermal resistance [m2K/W] 
Rct0 is the constant bare plate measurement of thermal resistance [m2K/W] 
Sa is the surface area of the measuring unit and Sa = 0.04 m2 
Tm is the temperature [℃] of the plate surface 
Ta is the temperature [℃] of the ambient air 
Q is the power [watts] required to maintain a constant plate surface temperature 
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The water-vapour test measured the power required to keep a constant vapour 
pressure between the top and bottom layer of the fabric. The test recorded the 
average power required to keep the measuring unit at its selected temperature based 
on a 15 minute integration [86]. The vapour-resistance test specimens were 
conditioned under an atmosphere of relative humidity of 40% and temperature of 35 
°C for 24 hours, as specified in ISO 11092:1993(E). In this case, the Tm and Ta were 35 
°C and the relative humidity was 40% for the testing atmosphere. The air speed was 1 
m/s. The water-vapour resistance of the fabric was calculated by the vapour pressure 
difference between the plate surface and the ambient air using Equation ‎3.7 [86]. 
    
            
 
       Equation ‎3.7 
Where: 
Ret is the water-vapour resistance [m2Pa/W] 
Ret0 is the constant bare plate measurement of water-vapour resistance [m2Pa/W] 
Sa is the surface area of the measuring unit and Sa = 0.04 m2 
Pm is the saturation water-vapour partial pressure [Pa] at the surface of the 
measuring unit 
Pa is the water-vapour partial pressure [Pa] of the air in the test enclosure 
Q is the power [watts] required to maintain a constant plate surface temperature 
3.2.6.2. Sweating thermal manikin  
The standard test methods for measuring the thermal insulation (F1291-10) [87] and 
the evaporative resistance (F2370-10) [88] of clothing were used. A female sweating 
thermal manikin (Newton) produced by ThermDAC control and its software by 
MTNW were used to determine thermal and water-vapour resistance for the knitted 
female body armour vests for wearer comfort evaluation.  
The manikin is 1.70 m tall and has a body surface area of 1.8±0.3 m2. The thermal 
manikin consists of 20 independently controlled thermal zones. The manikin zone 
divisions are illustrated in Figure ‎3.3. All thermal zones are fitted with heaters to 
simulate metabolic heat output rates and use distributed wire sensors for measuring 
skin temperature. Additionally, each thermal zone has sweat control through evenly 
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distributed fluid ports on its surface. There is a fluid heater inside the manikin for 
heating water before it is distributed to the ports on the manikin surface. 
 
Figure ‎3.3 Thermal manikin controlled zones: 1) face, 2) head, 3) R upper Arm, 4) L 
upper Arm, 5) R forearm, 6) L forearm, 7) R hand, 8) L hand, 9) chest, 10) shoulders, 
11) stomach, 12) back, 13) R hip, 14) L hip, 15) R thigh, 16) L thigh, 17) R calf, 18) L 
calf, 19) R foot, 20) L foot. 
The garments that were used in the test consisted of underwear, bra, short sleeved 
blouse, full length skirt A–line style with gun belt sized 14 U.S.A and on top of the 
ensemble garments the knitted 3D seamless female body armour vest developed in 
Chapter 6. The garments were conditioned for 12 hours to reach the equilibrium 
conditions, then tested. 
The dry thermal resistance (Rct) test measured the resistance to dry heat transfer 
from the heated manikin to a relatively calm, cool environment. The environment air 
temperature was set to 23±0.5 °C, relative humidity 50± 5%, the air velocity 0.4± 0.1 
m/s and the skin temperature of the manikin was set to 35±0.2 °C. The thermal 
resistance was calculated using Equation ‎3.8 [87]. 
    
             
  ⁄
 Equation ‎3.8 
 
 
40 
 
Where: 
Rct is the thermal resistance [m2 °C/W] 
Tskin is zone average temperature [°C] 
Tamb is ambient temperature [°C] 
Q/A is area weighted heat flux [W/m2] 
The intrinsic clothing insulation (Rcl) is defined as the insulation from the skin 
surface to the clothing surface, which can be determined via Rct value using 
Equation ‎3.9 [87]. 
Rcl =Rct − (Ra/fcl) Equation ‎3.9 
Where: 
Rcl is intrinsic clothing insulation [m2 °C/W] 
Ra is the thermal insulation of nude manikin [m2 °C/W] 
fcl is the clothing area factor, which was estimated according to [89] 
The evaporative resistance (Ret) of the clothing was measured according to ASTM 
(F2370-10) using the sweating manikin. The evaporative resistance measures the 
resistance evaporative heat transfer from a heated sweating manikin to a relatively 
calm environment. The test condition was 35±0.5 °C air temperature, 40±5 % relative 
humidity and air velocity 0.4±0.1 m/s. The manikin skin temperature was set to 
35±0.2 °C and pre-wetted by spraying water on the skin surface until it was saturated 
completely. The garment ensembles were conditioned for 12 hours in the same test 
conditions to reach the equilibrium. The evaporative resistance was calculated using 
Equation ‎3.10 [88]. 
      
            
            ⁄            
 Equation ‎3.10 
Where: 
Ret is the evaporative resistance [m2 Pa/W] 
Psat is the saturation vapour pressure at skin temperature [Pa] 
Pamb is the vapour pressure at ambient temperature [Pa] 
Q/A is the area weighted heat flux [W/m2] 
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Rct is the thermal resistance [m2 ·°C/W] (this is the result of a previous dry thermal 
resistance test) 
Tskin is the zone average temperature [°C] 
Tamb is the ambient temperature [°C] 
 
Therefore,  
[(Tskin - Tamb)/Rct] = dry heat loss [W/m2] 
Psat= 13303 ·10[8.10765 - (1750.29/ (235 +Tskin))] [90] 
Pamb= RH · 133.3 · 10[8.10765 - (1750.29/ (235 +Tamb))] [90] 
RH is the ambient relative humidity [%] 
The intrinsic evaporative resistance (Recl) of the clothing ensemble was calculated 
using Equation ‎3.11 [88]. 
Recl =Ret − (Rea/fcl) Equation ‎3.11 
Where: 
Recl is the evaporative resistance [m2 Pa/W] 
Rea is the evaporative nude resistance [m2 Pa/W] 
fcl is the clothing area factor, which was estimated according to [89] 
The permeability index is defined as the permeability of the clothing and boundary 
air layers under standard conditions. It was measured according to Equation ‎3.12 
   
       
   
 Equation ‎3.12 
Where: 
Im is the permeability index 
Rct is the dry thermal resistance [m2 °C/W] 
Ret is the evaporative resistance [m2 Pa/W] 
K is constant [60.6515 Pa/°C] 
The serial and parallel methods of calculating weighted average thermal resistance 
were calculated using Equation ‎3.13 and Equation ‎3.14, respectively.  
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 Equation ‎3.13 
               
 
               
 Equation ‎3.14 
Where: 
Rwtd (serial) is the sum of the thermal insulation or evaporation resistance value for 
individual grouped zones of the manikin 
Rwtd (parallel) is the thermal insulation or evaporation resistance in relation to the 
entire grouped zones of the manikin 
Ri is the zone resistance. 
Ai is the zone surface area [Figure ‎3.3 & Appendix D] 
Atot is the total surface area 
The ThermDAC software was used to operate the sweating thermal manikin during 
test progress. The test results were recorded every second after maintaining a 
steady-state for 20 minutes, which is the time needed for the machine to stabilise 
according to the test parameters. The average of three measurements was taken over 
a period of 30 minutes for both thermal and evaporative resistance tests. 
3.2.6.3. Moisture management tester (MMT) 
The Moisture Management Tester instrument was used to test the liquid solution 
transfer and distribution according to the American Association of Textile Chemists 
and Colorists AATCC TM 195-2009 [75]. The MMT measures, evaluates and classifies 
the liquid moisture management properties of textiles. Five specimens of each fabric 
measuring 80 mm × 80 mm were conditioned under the standard conditions [77]. 
The mass of each specimen was measured. A saline solution (9 g sodium chloride per 
litre) was dripped freely onto the top surface at the centre of the fabric. Generally, the 
dropped solution spread outward on the top surface and through the fabric to the 
bottom surface of the fabric and spread outward on the bottom surface. As the 
solution moved, the MMT measured the liquid moisture transport behaviour in 
different directions of the sample. The MMT parameters measured were: 
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o wetting time, WTt (top surface) and WTb (bottom surface), the time in which the 
top and bottom surfaces of the fabric just started to get wet respectively after the 
test commenced 
o absorption rate, ARt (top surface) and ARb (bottom surface), the average 
moisture absorption ability of the fabric’s top and bottom surfaces during the rise 
of water content, respectively 
o maximum wetted radius, MWRt (top surface) and MWRb (bottom surface), 
defined as the maximum wetted ring radius at the top and bottom surfaces, 
respectively 
o spreading speed, SSt (top surface) and SSb (bottom surface), the accumulative 
spreading speed from the centre of the fabric sample to the maximum wetted 
radius 
The accumulative one-way transport capability (OWTC) represents the difference in 
the accumulative moisture content between the two surfaces of the fabric and 
determines to a large extent whether the fabric has good moisture management 
properties. In terms of comfort, the higher the one-way transport capability, the 
quicker and easier the liquid sweat can be transferred from next to the skin to the 
outer surface of the fabric, thus keeping the skin dry. 
The overall moisture management capability (OMMC) indicates the overall capability 
of the fabric to manage the transport of liquid moisture. The larger the larger value of 
the OMMC, the higher the overall moisture management capability of the fabric. 
Using the above parameters, the test samples could be evaluated for their liquid 
moisture management properties. To address this, the parameters can be graded and 
converted from values to grades based on the following grading:  
o wetting time [S] in top and bottom: 1) ≥120 no wetting; 2) 20-119 slow; 3) 5-19 
medium; 4) 3-5 fast; 5) <3 very fast 
o absorption rate [%/s] in top and bottom: 1) 0-10 very slow; 2) 10-30 slow; 3) 30-
50 medium; 4) 50-100 fast; 5) >100 very fast 
o max wetted radius [mm] in top and bottom: 1) 0-7 no wetting; 2) 7-12 small; 3) 
12-17 medium; 4) 17-20 fast; 5) >22 very fast 
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o spreading speed [mm/s] in top and bottom: 1) 0-1 very slow; 2) 1-2 slow; 3) 2-3 
medium; 4) 3-4 fast; 5) >4 very fast 
o OWTC: 1) <−50 very poor; 2) −50-100 poor; 3) 100-200 good; 4) 200-400 very 
good; 5) >400 excellent.  
o OMMC: 1) 0-0.2 very poor; 2) 0.2-0.4 poor; 3) 0.4-0.6 good; 4) 0.6-0.8 very good; 
5) >0.8 excellent. 
Based on the liquid moisture management properties, the tested fabrics were 
classified into seven categories as shown in Table ‎3.3.  
Table ‎3.3 Fabric classification into seven categories [75]  
Category Category name Properties 
1 Waterproof fabric 
Very slow absorption 
Slow spreading 
No one-way transport, no penetration 
2 Water-repellent fabric 
No wetting 
No absorption 
No spreading 
Poor one-way transport without external forces 
3 
Slow-absorbing and slow-drying 
fabric 
Slow absorption 
Slow spreading 
Poor one-way transport 
4 
Fast-absorbing and slow-drying 
fabric 
Medium to fast wetting 
Medium to fast absorption 
Small spreading area 
Slow spreading 
Poor one-way transport 
5 
Fast-absorbing and quick-drying 
fabric 
Medium to fast wetting 
Medium to fast absorption 
Large spreading area 
Fast spreading 
Poor one-way transport 
6 Water-penetrating fabric 
Small spreading area 
Excellent one-way transport 
7 Moisture-management fabric 
Medium to fast wetting 
Medium to fast absorption 
Large spread area at bottom surface 
Fast spreading at bottom surface 
Good to excellent one-way transport 
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3.2.7. Kawabata surface tester  
The coefficient of friction (MIU) and the surface roughness (SMD) of the Kevlar and 
Kevlar-wool fabrics were measured with a Kawabata Surface Tester Evaluation 
System (KES-FB4-AUTO-A) [91]. Specimens of size 200 mm × 200 mm were each 
conditioned according to the Australian Standard [77]. The fabrics were placed under 
the test sensor, which measures the friction at three different positions on each 
specimen from the next-to-skin side. Three samples of each fabric were tested in both 
warp and weft directions and their arithmetic mean were recorded. The results were 
presented according to the constant value ranges provided by the manufacturer. The 
range for MIU is from 0 to 1, where a value close to 1 indicates increasing friction and 
decreasing smoothness. The range for SMD lies between 0 to 20, with a value of 20 
considered the maximum surface roughness (irregularity) [91]. 
3.2.8. Statistical analysis 
The statistical analyses were performed using Microsoft Excel 2013. Descriptive 
statistics including frequencies, means and standard deviations were used to report 
the final results. 
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 The Necessity of Stab-Resistant Body Armour for Chapter 4 
Protecting Prison Officers in Saudi Arabia  
 Introduction  4.1.
There is a high demand for body armour protection for military and police officers 
[7]. Several studies have investigated ballistic protection and comfort using different 
types of body armour vest for police officers [7, 8, 13, 62]. Barker [7] observed two 
types of male body armour vest for Level II ballistic protection for police officers. The 
study focused on protection and wearer comfort of these types of body armour in 
order to examine and improve the performance of the fabrics used. The body armour 
used in the study was made of four layers of Kevlar® and 12 layers of GoldFlex®, 
which is a shield composite consisting of aramid fibres held by a flexible resin and 
enclosed between thin layers of polyethylene film. The experimental ballistic vest 
made for male police officers showed good mobility and improved fit comfort. 
However, their vest did not fit female police officers since their protection and 
comfort needs are different from these of males.  Barker [8] also investigated the 
importance of comfort in ballistic vests for police officers by conducting a 
questionnaire survey in Tallahassee, Florida, to determine essential aspects of wearer 
comfort, practice and satisfaction. The survey results showed that most police 
officers, both male and female, indicated that their ballistic vests were too hot during 
summer when they were doing their jobs outdoors. The results also revealed that the 
ballistic vests were bulky, changed shape or moved up to the neck while sitting, and 
caused fit and mobility discomfort. According to Fowler and Barker [8, 13], the most 
important comfort aspects for male and female body armour vests were fit, mobility 
and thermal comfort. It is challenging to improve comfort while maintaining 
protective performance. 
It is essential to provide fit, protection and comfort for women who engage in 
military, police and prison work. Zehner [66] studied fit and mobility comfort for 
female police officers. It was found that thermal comfort, fit and mobility can be 
different between males and females due to the different shapes of the upper torso. 
Moreover, Tung [62] proposed a design for good fit and mobility comfort of body 
armour Type IV vests for women who serve in the military. The study surveyed 11 
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female soldiers from the Oregon National Guard to understand ballistic protection, fit 
and mobility comfort for women in the military. A study of the inmate-to-staff 
assaults in prison reported that the most common threat facing prison officers was 
caused by sharp-edged and pointed weapons, with injury requiring treatment beyond 
simple first aid [92]. Therefore, further exploration of body armour fabrics and 
design is needed to attain a good level of protection and comfort for prison officers. 
The thermal comfort of body armour vest is especially important when it worn in hot 
and humid climates like Saudi Arabia. The Saudi Arabian climate is hot almost 
throughout the year in some states such as Makkah Al Mukarama. Wearing a body 
armour vest in this weather is not comfortable for police officers and they may not 
wear it all the time. In this case the comfort aspects are necessary in body armour 
vests in addition to protection. This study reports on these requirements and 
suggests an improvement in body armour fabrics and designs for the protection and 
comfort of prison officers. 
 Experimental 4.2.
The questionnaire survey was conducted in Briman prison, Jeddah, Saudi Arabia, 
after ethics approval was obtained from RMIT University and the Saudi Ministry of 
Jails, Public Directorate of Jails. A hard copy of the questionnaire survey form and 
participant information sheet was handed to the prison social worker for both male 
and female departments to distribute to the prison officers. The participants were 
kindly asked to be volunteers in this research by filling in the survey form in their 
free time and then returning it to the researcher. There were 74 male and 28 female 
officers who completed the survey. The survey method and evaluation were 
described in Chapter 3. The survey questionnaire form is attached in Appendix A. 
 Results 4.3.
4.3.1. Section A: personal information  
Section A of the survey contained general information about the participants. It 
included gender, age, education level and service time. Figure ‎4.1 presents the 
participant age group percentages for males and females. The majority of males were 
aged 21 to 25, while the majority of females were older, aged between 26 to 30 years 
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old. The males were younger in age because they can join the police sector after 
graduating from King Fahd Security College, which is sponsored by the government 
to train students for the military services. Hence, about 82% of male officers had only 
completed high school and a diploma. While females are not required to join the 
military college, instead they should complete their study in a university. Figure ‎4.2 
shows male and female education levels. Because of the education and recruiting 
systems used in Saudi Arabia, the education levels for female participants were 
higher than for males, with 54% of females completing a postgraduate degree and 
43% completing high school and a diploma. The length of work experience was up to 
25 years for male officers while female officers worked for up to 14 years.  
 
 
Figure ‎4.1 Participant age groups 
 
Figure ‎4.2 Education level: (Less) Less than high school; (HS & Dip) High school and 
diploma; (GC) Graduate certificate; (PG) Postgraduate degree 
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4.3.2. Section B: risk assessment 
Section B of the survey contained the risk assessment questions about inmate 
assaults on the prison officers. The first question was to determine how many times a 
prison officer had been attacked by anyone during working hours since they were 
employed. Figure ‎4.3 shows the attack percentages for both male and female prison 
officers. It can be seen that the number of female officers assaulted is 29%, much 
higher than for male officers with 12%. This is because male officers could defend 
themselves since they were trained to serve in the military and police sector. Female 
officers, on the other hand, had very limited self-defence training. In addition, female 
officers only worked with women prisoners, who are less likely to launch a severe 
attack. 
 
 
Figure ‎4.3 Percentages of prison officers being attacked 
The second question was to understand the attack frequency within the prison and 
the attack location on the body. The results reveal that 29% of female and 10% of 
male prison officers were attacked while they were on duty outside their office. The 
third question was to describe the weapon used in the attack: gunshot, knife, scissors, 
blunt instrument, wooden stick, syringe or others. The survey results show that the 
common objects used for stabbing were blunt instruments (such as screwdriver, 
pliers), wooden sticks and nails. A police report [93] indicated that those sorts of 
objects and some improvised weapons could be available from services inside the 
prison and it is likely that these objects were stolen from workshops, classes or 
factories, etc. 
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The next question asked was which part of the body was injured in the attack. The 
results indicated that the majority of the attacks were by stabbing, where 50% of 
female officers were stabbed in the upper torso, 30% in the legs and arms and 20% in 
the head. While for males, 40% were stabbed in the upper torso, 50% in the legs and 
arms and 10% in the head. The body torso attacks showed the highest percentage for 
female officers and were high for male officers. Hence, the torso of prison officers 
should be protected with stab-resistant vests to mitigate injury and save lives. The 
last question was to describe the violence level of the attack. The results in Figure ‎4.4 
describe participant opinion on the violence level of the attack for both male and 
female officers. It is apparent that female officers feel high risk and extreme risk 
attack levels compared to male officers. Hence, an adequate level of protection for 
female officers is a clear necessity. 
 
Figure ‎4.4 Violence level of the attack 
4.3.3. Section C: body armour 
This section gathered information about the body armour types that the prison 
officers used and their experience of wearing body armour. The survey results show 
that both male and female prison officers in Saudi Arabia do not wear any body 
armour vests. The reasons varied between males and females. Most of the male 
officers thought they could protect themselves from any attack since they were 
armed with guns. Female prison officers indicated that they were not armed and they 
believed that the female section was safer than the male section in terms of severity 
of injury due to attack (Figure ‎4.4). However, some female prison officers believed 
that body armour was essential for their protection. In addition, the survey results 
indicate that about 16.5% of the prison officers, both men and women, wore 
protective gloves and helmets. However, the participants did not think that the gloves 
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provided for protection were comfortable; hence, they did not wear them unless it 
was necessary. 
4.3.4. Section D: body armour satisfaction  
The questions in this section concerned the participants’ opinions on in-service body 
armour and the improvements required. The answers to these questions by the 
participants related only to the gloves they wore and all of the participants indicated 
that the gloves were uncomfortable because they are not breathable and the 
environment was hot. They felt more comfortable without them. They were also 
asked for their opinions on protection and comfort in any type of body armour that 
they may know. Most of the female and male participants believed that a body 
armour vest was essential for protection even though they might be uncomfortable to 
wear all the time. Also, participants suggested that enhancing the mobility and 
thermal comfort of body armour vests was a first and essential priority. Such opinion 
was reported in other studies [7, 8, 62, 94] as well. 
 Discussion and Conclusion 4.4.
The results from this survey reveal that body armour vests were not worn by the 
officers interviewed in Briman prison, Jeddah, Saudi Arabia. However, officers had 
been attacked and some attacks were considered serious. The results also reveal that 
when being stabbed, about 50% of female officers and 40% of male officers were 
stabbed in their upper torso. The weapons used included a blunt instrument, wooden 
sticks, screwdrivers and nails. The results show how at risk the officers were and 
how important a body armour vest is for prison officers. The areas of the body and 
the weapons used in the attacks against the officers indicate that these officers should 
be given upper body armour for protection, especially the female officers, who face in 
a high-to-extreme level of risk. 
The general opinion from the prison officers on the body armour vest ranged 
between uncomfortable and very uncomfortable. The female officers believed that 
body armour would feel uncomfortable because the commonly used body armour 
was too heavy and tight, especially in the bust area. They also believed that they did 
need the body armour vests for protection. However, they might not wear them all 
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the time if they felt uncomfortable. The level of comfort when wearing uniforms or 
body armour has a large impact on the performance of the officers [8]. An officer who 
was comfortable in the body armour would perform his or her duty well. On the other 
hand, an officer who was uncomfortable in body armour would not have the 
motivation and desire to move around and work as required, thus reducing their 
effectiveness of the officer [66]. Despite the fact that prison officers did not wear any 
body armour, they all shared the same opinion that it would not be comfortable. The 
protective equipment would not allow the wearer to move smoothly and the body 
armour might be too tight, leading to heavy sweating in a warm environment [11, 
56]. With such inconvenience created by body armour, prison officers might be more 
readily attacked. If the body armour was not worn, they might be injured [62].  
There is also a gender dimension to the nature of body armour. The female officers 
surveyed expressed even more discomfort with the body armour compared to their 
male counterparts, in particular on the fit. This poses a challenge for future designs of 
body armour when taking into consideration the opinions of female officers [9]. It is 
very important that all officers feel comfortable in their body armour, to ensure that 
it protects them from harm. 
As a way of remedying the situation, the officers who were surveyed shared their 
opinions on what they thought should be researched in the future. The females felt 
that it would be helpful to study existing body armour so that future design could be 
done with due consideration of the issues arising from the current vest. This is a good 
path to follow if there are indeed plans to redesign the body armour fabrics and 
panels. On the other hand, the female officers stated that body armour is supposed to 
be both protective and comfortable. This opinion should be considered, since the 
protective character is central to all body armour design, while the comfort aspect is 
also necessary if the officers are to be motivated to wear it. Though this survey was 
conducted in Saudi Arabia, the findings could apply to other countries as well. 
Therefore, this thesis addresses the necessity for a body armour vest particularly for 
females for protection and fit, mobility and thermal comfort.  
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 Investigation of Kevlar and Kevlar-Wool Woven Chapter 5 
Ballistic Fabrics for Comfort 
 Introduction 5.1.
Earlier research confirmed the utility of wool in improving the effectiveness of high-
velocity ballistic-protective woven fabric [12]. The proposed function of wool in a 
Kevlar-wool fabric is to increase friction between yarns and restrict lateral yarn 
separation during impact. The enhanced ballistic performance allows a reduction in 
the number of layers needed in the body armour panel. Hence, an increase in weight 
of the KW fabric would not affect the performance of a ballistic panel [12]. Since wool 
can pick up significant amounts of moisture, incorporating wool in the ballistic fabric 
might have the additional benefit of transferring moisture through the fabric and so 
improve wearer thermal comfort [12, 14]. Sinnappoo et al. [12] neither treated their 
Kevlar-wool fabric for water resistance nor made any assessment of moisture 
management or thermal comfort properties.  
The objective of this chapter is to compare and evaluate the comfort properties of the 
commercial 100% Kevlar (KA) fabric against the Kevlar-wool (KW) fabric. Since the 
KA fabric has a water-repellent finish, the KW fabric was treated with water repellent 
for equivalent hydrophobicity results with KA. A comparison of comfort properties, 
including thermal and water-vapour resistance, moisture management, air 
permeability, fabric porosity, fabric friction and surface properties, was made with 
KA, KW and treated Kevlar-wool (CKW) fabrics. 
 Experimental 5.2.
All fabrics were examined and evaluated as a single layer for comfort performance. In 
this context, the thermal resistance, water-vapour resistance, moisture management 
performance, air permeability and optical porosity were compared. The effects of 
fabric physical properties on laboratory-measured thermal comfort were analysed. 
Moreover, surface roughness and frictional properties of these fabrics were 
investigated.  The testing methods and instruments used were described in Chapter 
3. 
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5.2.1.  Water repellent treatment for woven Kevlar-wool fabric 
5.2.1.1. Chemicals 
Ricaphob EP1906, an aqueous non-ionic emulsion of a dendrimer polymer, from RCA 
International, and Invadine PBN, a high-performance wetting agent for water and oil-
repellence finishing, from Huntsman Chemicals, were the primary chemicals utilised. 
5.2.1.2. Treatment procedure 
A solution containing 30 g/L Ricaphob EP1906, 12.5 g/L acetic acid and 25 g/L 
Invadine PBN was prepared using deionised water. This solution was applied by 
padding (two sides) to five KW fabric specimens measured 350 mm × 350 mm each 
to achieve 85% wet pick-up followed by curing at 182 °C for 60 seconds. 
 Results and Discussion 5.3.
The physical properties of the fabrics are shown in Table ‎5.1. The KW fabric thickness 
is slightly higher than that of the KA fabric due to the addition of wool yarn to the KW 
fabric. The thickness of the KW fabric before and after coating did not change, 
although the fabric weight increased marginally by about 0.6 g/m². 
Table ‎5.1 Fabric physical properties (mean ± standard deviation) 
Fabric Structure and 
source 
Yarn 
count 
(tex) 
Picks 
/cm 
Ends 
/cm 
Moisture 
regain 
(%) 
Fabric 
thickness 
(mm) 
Mass 
per unit 
area 
(g/m²) 
Optical 
porosity 
(%) 
Air 
permeability 
mm/s 
KA 100% plain 
weave 
(commercial) 
95 11 11 3.2 0.32 
±0.01 
210 
±1 
2.5 
±0.7 
6.5 
±1.4 
KW Plain weave 
blended 
(RMIT) 
Kevlar 
95 
Wool  
35 
11 11 5.9 0.51 
±0.01 
299 
±2 
6.1 
±0.8 
30.6 
±4.2 
CKW Plain weave 
blended/ 
treated 
(RMIT) 
Kevlar 
95 
Wool  
35 
11 11 5.9 0.51 
±1.2 
299.6 
±0.1 
5.2 
±1.2 
27.2 
±1.2 
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5.3.1. Weight and regain 
From Table ‎5.1, it can be observed that KW has the same thread density in warp and 
weft as KA, but the total yarn count for KW is different due to the wool component 
(27% of the total). Therefore, both KW and KA contain the same amount of Kevlar 
yarn per unit fabric area, but the mass and thickness of KW has increased due to the 
wool yarn. The moisture regain measured for the KA fabric was 3.2% while for the 
KW and CKW fabrics it was 5.9%. The KW fabric has higher moisture regain, as may 
be expected due to its wool component, which can absorb more moisture than Kevlar. 
Further, the CKW moisture regain is not affected by the treatment due to the low 
treatment percentage of 1.5% wet pick-up and the same percentage of wool in the 
fabric. 
5.3.2. Air permeability and optical porosity 
The air permeability of KW (30.6 mm/s) is higher than that of KA (6.5 mm/s). 
However, after the water repellent coating was applied, the air permeability dropped 
slightly to 27.2 mm/s. The optical porosity of KW (6.1%) and CKW (5.2%) is also 
higher than for KA (2.5%). Figure ‎5.1 (A), Figure ‎5.2 (A) and Figure ‎5.3 (A) show the 
optical microscope images in the form of the light transmission through the fabric for 
KA, KW and CKW fabric structures, respectively. Figure ‎5.1 (B), Figure ‎5.2 (B) and 
Figure ‎5.3 (B) highlight the porous areas observed for KA, KW and CKW respectively. 
The results indicate that even though KW contains the same amount of Kevlar yarn as 
KA, the addition of wool yarn made the fabric thicker and created voids between 
yarns to allow air to easily pass through. This observation agrees with the report that 
air permeability depends on the physical properties of fabric such as construction, 
mass, thickness and yarn count [82]. Moreover, from Table ‎5.1, it can be seen that KW 
has a similar number of picks and ends to KA but the yarn count is somewhat 
different due to the wool component. Furthermore, the pure Kevlar filaments are 
packed tightly, which not permit lights to pass through. When wool is included the 
packing becomes open, resulting in higher optical porosity. The cross-sectional 
images of the KA and KW fabrics shown in Figure ‎5.4 (A) and (B) confirm the above 
observation. As a result, more light passed through the fabric, creating a higher 
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percentage of illumination; hence, air and water can more easily pass through the KW 
fabric [12]. 
 
 
Figure ‎5.1 KA optical porosity 
 
Figure ‎5.2 KW optical porosity 
 
Figure ‎5.3 CKW optical porosity 
 
(A) Original (B) Processed 
(B) Processed (A) 
Original 
(A) 
Original 
(B) Processed 
 
57 
 
 
Figure ‎5.4 Fabric cross-sectional images 
 
The optical porosity of a material depends on the fabric and yarn construction and it 
forms one of the most important features that measure textile permeability [95]. 
Fabric air permeability and optical porosity are related in direct proportion to each 
other [96]. The experimental results in Table ‎5.1 agree well with the above 
relationship. The optical porosity is affected by the fabric structure [97]. It is an 
important feature to gauge textile permeability [95]. The low optical porosity of KA 
fabric is due to the small pores between the warp and the weft threads (Figure ‎5.1). 
In contrast, the pore size in KW fabric (Figure ‎5.2) is larger and shows higher optical 
porosity and air permeability than the KA fabric. In spite of the anti-moisture 
treatment used on the CKW fabric, the optical porosity and air permeability were 
close to these of the KW fabric, with only a small decrease. 
5.3.3. SEM and FTIR analysis 
The SEM images in Figure ‎5.5 indicate the presence of the water-repellent treatment 
on the CKW fabric. The untreated KW yarns are glossy with clear fibre contour and 
wool scales. The coating is evident in the small amounts of rounding of the scales 
appearing on the surface. A similar morphology can also be identified on the KA 
(A) KA 
(B) KW 
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fabric, which suggests the presence of a water-repellent coating of such typical 
commercial fabric. 
 
 
Figure ‎5.5 SEM images of coated and uncoated fabrics 
 
Figure ‎5.6 presents the FTIR spectra for the fabrics studied. Fabrics containing Kevlar 
show peaks between 1100 and 700 cm-1 of the indicative aromatic component, apart 
from the amide linkages between 1700 and 1000 cm-1 present in wool [98, 99]. The 
water repellent coating seems not to affect the FTIR spectra. It is likely that the peaks 
of the finish (dendrimer polymer) at 1650 and 1550 cm-1 are similar to those found in 
the fabrics and hence are masked [100]. 
 
 
 
 
 
 
 
KW
  
CKW KA 
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Figure ‎5.6 FTIR analysis 
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5.3.4. Frictional properties  
Figure ‎5.7 displays the fabric coefficient of friction and the surface roughness 
(irregularities) results in both warp and weft directions. Figure ‎5.7 (A) shows that the 
KA fabric has a slightly lower coefficient of friction (0.13 MIU) in the warp direction as 
compared to both the KW (0.15 MIU) and the CKW (0.14 MIU) fabrics. This variation 
could be due to the wool component, which decreases the surface smoothness. The 
coefficient of friction in the weft direction is significantly higher than that in the warp 
direction for all fabrics. This may be due to the weaving tension, rather than the fabric 
composition. The warp tension, which is generally higher than the weft tension during 
weaving, probably resulted in a rougher surface across the warp yarns. This factor 
overshadows the influence of fibre composition on the fabric frictional properties. 
 
 
Figure ‎5.7 (A) Frictional coefficient MIU and (B) surface roughness SMD 
 
Figure ‎5.7 (B) shows that there is no statistical significance in surface roughness 
among all fabrics in the warp and weft directions. However, fabric surface roughness 
in the warp direction is significantly higher than that in the weft direction. The small 
differences in one direction may be explained on the basis of the fabric structure and 
the way the Kawabata surface tester sensor acquires the data. The KA fabric is 
comparatively uniform compared with the KW fabric, because wool yarns introduce 
unevenness on the KW fabric surface. The sensor measures roughness by determining 
the degree of rebound for a standard impact [91]. Hence, the irregularity of the KW 
fabric and the difference in hardness between wool and Kevlar may be interpreted as 
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higher surface roughness by the instrument. Figure ‎5.8 lends further evidence to 
support the above observation. It can be observed that the roughness graph (SMD) for 
the KA fabric shows lower variation as compared to these for the CKW and KW fabrics.  
 
 
KA 
 
KW 
 
CKW 
Figure ‎5.8 Surface roughness reading chart 
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5.3.5. Moisture management properties  
Figure ‎5.9 shows the fabric wetted radii and liquid moisture transfer through the 
fabrics. The left circle of each image represents the next-to-skin side of the fabric. The 
test results are also summarised in Table ‎5.2. 
 
Table ‎5.2 Moisture management properties all indices (mean ± standard deviation) 
*OWTC: Accumulative one way transport capability 
**OMMC: Overall moisture management capability 
 
The test results reveal that the KW fabric is able to absorb more moisture than KA, 
which is expected. Despite this, the KW fabric has very poor overall moisture 
management capability (OMMC) of 0.012 and very poor one-way transfer capability of 
˗444%. However, the KW fabric has a moderate liquid-moisture spreading capability 
on both sides, as can be seen from the water location image in Figure ‎5.9 (KW). 
According to the test results in Table ‎5.2, the KW fabric has a slow water spreading 
speed of 1.0 mm/s on the bottom surface and 0.9 mm/s on the top surface, 
respectively. The small wetted radii of the bottom surface (11 mm) and the top surface 
(10 mm) indicate that liquid can spread through the top surface, be transferred from 
the next-to-skin surface to the opposite surface, and spread out on the bottom surface. 
Therefore, KW has the capability for moisture to transfer from the inner surface to the 
outer surface, where it evaporates moisture easily into the environment. Table ‎5.3 
contains the fabric moisture management grade for all indices. The KW fabric shows a 
good moisture absorption rate (4.5) in the top surface of the fabric. Figure ‎5.9 also 
reveals that the fabric has moderate ability to transfer water to the outer surface. In 
other words, the KW fabric is not waterproof and it has not been treated with any anti-
moisture finish. 
Fabric Wetting time 
(s) 
Absorption 
rate (%/s) 
Max 
wetted radius 
(mm) 
Spreading 
speed 
(mm/s) 
O
W
T
C
*  
(%
) 
O
M
M
C
**
 
Top Bottom Top Bottom Top Bottom Top Bottom 
KA 8.2 
±1.7 
120 
±0 
322 
±32 
0 
±0 
5 
±0 
0 
±0 
0.6 
±0.1 
0 
±0 
˗737 
±42 
0 
±0 
KW 11.1 
±2.5 
12.5 
±3.1 
119 
±35 
13.2 
±1.9 
10 
±0 
11.0 
±2.2 
0.9 
±0.1 
1.0 
±0.1 
˗444 
±54 
0.012 
±0.009 
CKW 6.8 
±0.6 
115 
±10.2 
108 
±38 
0 
±0 
5 
±0 
0 
±0 
0.7 
±0.1 
0 
±0 
˗910 
±83 
0 
±0 
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Figure ‎5.9 Fabric wetted radii and water transfer 
 
KA, on the other hand, has very poor liquid-moisture management properties, with no 
wet-out radius and 0 mm/s liquid moisture spreading rate on the bottom surface of 
the fabric. The OMMC is 0 and one-way transport capability is ˗737.3% (Table ‎5.2). 
This indicates that the liquid could not diffuse from the inner surface into the fabric 
and it accumulated on the top surface (skin-side) of the fabric, as illustrated in 
Figure ‎5.9 (KA). Consequently, the KA fabric cannot effectively draw body sweat into 
the environment, as it keeps the sweat between the skin and the next-to-skin surface 
of the fabric. The MMT grading results (Table ‎5.3) indicate that KA has a rating of 1 
wetted radius and absorption rate on the bottom surface of the fabric. Also the 
accumulative OWTC and OMMC results confirm poor liquid penetration through the 
KA, indicating that KA fabric is waterproof. 
KA 
KW 
CKW 
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Table ‎5.3 MMT grade for all indices 
Fabric Wetting time Absorption 
rate 
Wetted 
radius 
Spreading 
speed 
OWTC OMMC 
Top Bottom Top Bottom Top Bottom Top Bottom 
KA 3.5 1 4 1 1 1 1 1 1 1 
KW 3 3 4.5 1.5 2 2 1 1.5 1 1 
CKW 3.5 1 5 1 1 1 1 1 1 1 
Note: Numbers are indicative of ratings, 1 being poor and 5 being excellent (Chapter 3) 
 
After coating, the KW fabric shows significant improvement in water repellence. 
Table ‎5.2 reveals that the CKW fabric has similar liquid moisture management 
properties to KA. The CKW fabric has poor liquid moisture management properties, 
with very low wetted radii on the bottom surface (0 mm) and on the top surface (5 
mm). The spreading rate is very slow, with 0.7 mm/s on the top surface and 0 on the 
bottom surface. The OMMC is 0 and the OWTC was ˗910 %. This indicates that CKW is a 
waterproof fabric. However, in spite of the water repellent treatment, the CKW fabric 
retains a slow liquid moisture absorption rate at the top surface (Figure ‎5.9) due to the 
low percentage of the treatment used. The CKW fabric also has the ability to transfer 
the absorbed water moisture slowly to the outer surface. It should be noted that the 
CKW fabric retains a low absorption rate on the next-to-skin side along with the ability 
to transfer water to the outer side over a longer time. 
Overall, the KA, KW and CKW fabrics have poor moisture management capacities; 
however, the KW and CKW fabrics have improved liquid moisture management 
properties compared to the KA fabric. 
5.3.6. Thermal and water-vapour resistance 
The thermal resistance results of the fabrics are shown in Figure ‎5.10. The thermal 
resistance of the KW fabric (0.011 m2K/W) is higher than that of the KA fabric (0.008 
m2K/W). The difference is due to the wool component, which results in different 
physical properties such as thickness and weight between the two fabrics. In addition, 
the thermal resistance of the CKW fabric is the highest, with (0.017 m2K/W), amongst 
the KA and KW fabrics. This increase of thermal resistance may be due to the anti-
moisture film formed on the surface of the fabric. 
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Figure ‎5.10 Fabric thermal resistance 
Fabric mass and thickness determine the amount of heat transfer between the body 
and the surrounding air  [101]. The KA fabric shown in Figure ‎5.11 is made from fine 
Kevlar continuous filaments with low crimp and no twist; hence the fabric is thin. As 
the KA fabric mass is lower than that of KW (Table ‎5.1), a single layer of KA fabric 
allows better transfer of heat from the body to the surrounding air. However, when 
comparing the thermal resistance for the same weight fabric, i.e. the thermal 
resistance is normalised by its fabric mass per unit area, the normalised thermal 
resistance for KW is slightly lower than that for KA. This suggests that KW could have 
similar equivalent thermal resistance to KA when fabric thickness and weight are 
considered. More detailed technical information can be revealed when the KW and KA 
fabrics are designed to have the same weight. 
 
 
Figure ‎5.11 Fabric weave structure (SEM) 
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The standard scale of Rct value for the medium-weight woven fabric (170-240 g/m2) 
should be 0.01-0.018 m2K/W. Since the KA fabric weight is 209.6 g/m2 and its thermal 
resistance is 0.008 m2K/W (less than 0.018 m2K/W KA), for it can be considered 
comfortable in standard environmental conditions [101, 102]. In contrast, the KW 
fabric (Figure ‎5.11) has two types of yarns: the Kevlar filament yarn as used in KA and 
the spun wool yarn. Hence, less heat passes through the thick and hairier KW fabric 
due to the additional thermal insulation from the wool. However, the Rct value for KW 
does not approach the scale of 0.02-0.025 m2K/W for a heavy-weight woven fabric 
(240-375 g/m2). Therefore, KW has reasonable thermal resistance for an industrial 
fabric that has a heavy weight of 299.2 g/m2 and it can be considered comfortable in 
standard conditions as well. Moreover, in spite of the fact that the thermal resistance 
increased after the treatment, the fabric achieved a range within the scale and it can be 
considered as comfortable at a low activity rate. 
Vapour resistance determines the ability of a fabric to resist and/or transfer water 
vapour from the fabric to the atmosphere. Figure ‎5.12 shows that the water-vapour 
resistance for the KA fabric is 9.2 m2Pa/W, which is higher than that for KW, 7.3 
m2Pa/W and CKW, 7.6 m2Pa/W. This indicates that KA is more applicable in low-
temperature environments because of its high vapour resistance [103]. According to 
Horrocks [72], protective clothing with water-vapour resistance that is less than 20 
m²Pa/W has best breathability and is comfortable to wear when the humidity is low. 
In other words, KA, KW and CKW fabrics all have low water-vapour resistance to 
moisture transfer and therefore higher breathability [86]. In particular, with wool fibre 
included, KW can absorb a lot of vapour and release it away from the body to the 
atmosphere [14]. Since the KW and CKW water-vapour resistances are lower than for 
KA, both fabrics have better breathability and improved comfort properties compared 
with KA when the humidity inside the garment is high. 
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Figure ‎5.12 Fabric water-vapour resistance 
5.3.7. Mechanical properties 
5.3.7.1. Bursting strength of individual layers  
The ball-bursting force results in Figure ‎5.13 (A) show that, though there is no 
statistical significant difference, the average bursting strength of the KW fabric was 
marginally higher than that of the KA fabric. This could be due to the addition of the 
wool component, which provided frictional interactions to restrict the lateral 
movement of the Kevlar yarns. Hence the steel ball broke slightly more Kevlar 
filaments in KW than in KA. The fabric being tested was mounted in such a way that, 
outside of the area of 45 mm in diameter, it was held very tightly by clamps. Thus, it is 
unlikely that the yarns being compressed by the steel ball would be pulled out of the 
fabric structure between the clamps. This was confirmed by observation after testing. 
It should be noted for comparison that the bursting strength of a lightweight 100% 
wool fabric would be considerably weaker, far less than that of the KA fabric. 
Therefore, the contribution of wool to the overall bursting strength is very marginal. 
The CKW fabric shows similar results to KW, which indicate that the water repellent 
treatment does not affect fabric strength. 
Figure ‎5.13 (B) shows typical ball penetration force VS extension curves. KA, KW and 
CKW have similar extensions at the maximum bursting strength. However, the KA 
curve is not as smooth as the KW curve. This is due to fabric tightness and friction 
between yarns. The KA fabric was thin and the steel ball could push yarns sideways, 
resulting in a serrated compression force profile when the yarns slid across the ball 
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surface. On the other hand, due to the fact that the wool in KW restricts Kevlar yarn 
movement, the compression force profile of KW is much smoother. The CKW fabric 
was also smooth and curved slightly. Therefore, the advantage of adding wool may not 
be significant for achieving a high bursting strength. Furthermore, the burst-strength 
testing speed was only 1 m/min, which is extremely slow compared to the ballistic 
impact. Earlier research concluded that the ballistic properties of KW fabric at least 
matched, if not surpassed, the ballistic properties of KA fabric tested in the range of 
431-440 m/s [12]. It appears that, for comparing high-velocity protective fabrics, the 
burst strength tested at 1 m/min could be a good indication of differences in ballistic 
performance. 
 
 
Figure ‎5.13 (A) ball-bursting strength, (B) ball compression force VS extension curves  
 
The tear strength results in Figure ‎5.14 are quoted from a previous study [12]. They 
show that the KW fabric is significantly more resistant to tearing than the KA fabric in 
both weft and warp directions. The wool contributes approximately 38.7% 
improvement in fabric mean tear strength. Furthermore, wool makes positive 
contributions to the energy absorption mechanism of pulling yarns out of the weave 
due to the increased longitudinal frictional force along the yarns, especially near the 
free edges of the tested samples. As a result, the KW fabric can at least match the dry or 
wet ballistic performance of an equivalent pure KA fabric when tested under NIJ 
Ballistic Standard Level III A [12]. 
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Figure ‎5.14 Mean tear strength (dry tests) for KW and KA fabrics   
 
A single layer of KW may find applications that require body armour low-level 
protection and improved thermal comfort performance. In the survey results (Chapter 
4) in Briman prison, Jeddah, Saudi Arabia, it was found that the prison officers were 
being attacked by prisoners, but the prison officers did not wear any body armour 
vests on duty because of the discomfort of the protective equipment. A uniform made 
from the KW fabric could provide some low-level protection for prison officers against 
the stabbing threat, while maintaining a certain level of thermal comfort and mobility.  
5.3.7.2. Stab-resistance test of multi-layered woven assemblies 
The stab-resistance performance of 20 layers of woven assemblies was tested 
according to the NIJ Standard (Chapter 3), and evaluated at 8 J using a single-blade 
knife. The 100% woven Kevlar assembly has a thickness of 6.4 mm and a weight of 
4200 g/m2 and the woven Kevlar-wool assembly has 10.2 mm thickness and weight 
5980 g/m2. The fabric layers were arranged in the same orientation and the knife was 
aligned to hit at 0° (warp and weft no different since fabric is a square set) and 45°. 
The result showed that both woven 20 layer assemblies could not stop a knife 
penetration at 8 J, but the penetration depths were different. The penetration depth for 
the 100% Kevlar assembly was 50 mm, when the knife hit at 0° and 47 mm when the 
knife hit at 45°. On the other hand, the penetration depth for the Kevlar-wool assembly 
was 40 mm when the knife hit at 0° and 35 mm when it hit at 45°. The situation would 
be worse with a double-blade knife.  
These results indicate the difficulties likely to be encountered in designing the knitted 
fabric for the female vests.  
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 Conclusion 5.4.
The ballistic KW fabric was coated for water repellence. The scanning electron 
microscope (SEM) images confirmed that the CKW fabric has a coating on its surface. 
However, the FTIR spectra did not show that functional groups attached the coating to 
the fibre, possibly due to its low coating percentage. The KW and CKW fabrics have 
higher air permeability and optical porosity than the KA fabric, which indicates that 
KW and CKW are more breathable fabrics. The fabric coefficient of friction and the 
surface roughness were also investigated. The results reveal that the coefficient of 
friction is marginally lower in KA than KW and CKW in the warp direction, while in the 
weft direction the results are the same for both KA and KW. The surface roughness in 
the warp direction is higher than in the weft direction for both KA and KW fabrics. 
Overall, the fabric surface friction properties were very similar for KA, KW and CKW in 
the same fabric direction. 
According to the moisture management testing results, the CKW fabric repelled water. 
The results also reveal that KA is a waterproof fabric, as there was no water 
penetration through the fabric. The KW fabric is rated to possess the best moisture 
management properties among all the fabrics evaluated in this study. On the other 
hand, both CKW and KA fabrics are rated as poor moisture management fabrics, 
although the next-to-skin side of the CKW fabric performed better than the KA fabric in 
terms of liquid moisture spreading. 
The properties relating to the thermal comfort of the KA, KW and CKW fabrics were 
investigated, including thermal and water-vapour resistance, moisture management 
and fabric permeability. The test results for water-vapour resistance reveal that the 
KW and CKW fabrics can transfer water vapour to the atmosphere more easily than 
the KA fabric. The test results for thermal resistance indicate that the thermal 
resistance of CKW is higher than those of KA and KW. However, when the fabric weight 
and thickness are considered, the thermal resistance of the KW fabric could be lower 
than or equivalent to that of the KA fabric. Furthermore, the wool component 
contributes to the marginally higher bursting strength of the KW fabric than that of the 
KA fabric, and improves the mean tear strength of the KW fabric by approximately 
38.7% compared to the KA fabric. Overall, wool enhances the thermal comfort 
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properties of the KW woven fabric without compromising the fabric mechanical 
properties. 
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 Knitted Fabric and Three-Dimensional Seamless Female Chapter 6 
Body Armour Vest Designs 
 Introduction  6.1.
Body armour has the purpose of protecting the upper torso, particularly in the military 
and police sectors. In contrast to male body armour, problems are encountered with 
the manufacture of female body armour due to the curvature of the female body [52]. 
Seams and stitching in body armour can affect the protective and comfort performance 
[104]. ‎Chapter 2 explained some the methods used in making female body armour 
vests.  
Recently, 3D seamless technology has been expanded in other applications such as 
industrial and medical textiles, as well as body armour fabrics [15, 16, 48, 105]. 
Knitting technology requires computerised systems and CAD software for designing 
and developing 3D garments. Seamless knitting technology creates a complete 
garment with minimal cutting or sewing required, thus largely eliminating seams. This 
offers an opportunity for designing and engineering female body armour vests. The 
seamless knitting process is made possible by machine technology that allows rib 
transfer [106]. 
To take advantage of seamless technology, this chapter reports on the design and 
production of weft-knit single-jersey fabrics and the individual knitted 3D seamless 
female body armour layers. It presents the multi-layered composition process of the 
developed vests. The first (inner) layer of the panel is made of knitted Kevlar-wool 
(NKW) to improve moisture transport and thermal comfort, which were demonstrated 
in Chapter 5.  The rest of the multi-layered panel was assembled from layers of 100% 
knitted Kevlar (NKA) for protection purposes. 
  Experimental 6.2.
The materials used in the knitted fabric production were explained in Chapter 3. 
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6.2.1. Fabric design 
The weft-knitted body armour fabrics were produced using a flat-bed knitting 
machine, Shima Seiki WholeGarment® New SES-S-WG, and its whole garment WG-SDS-
ONE APEX3 program. There were two fabrics designed and produced using the knitted 
plated process, as shown in Figure ‎6.1. Table ‎6.1 shows the fabric properties as 
designed and measured. The first fabric was made from 93 tex Kevlar on the front face 
and plated with 41 tex wool on the back face. The second fabric was made from 100% 
Kevlar plated in the same way on the back face as for the Kevlar-wool but using 44 tex 
Kevlar yarn. The knitted fabrics were made in a single-jersey structure and produced 
in gauge E14. Fabric loop length (6.63 mm) and 30 qualities (tightness) were designed 
through the machine control program. The term ‘quality’ in knitting is used to describe 
the loop density of the fabric. The loop density is related to fabric appearance and is 
the most important aspect defining knitted fabric properties including fabric tightness, 
loop length, thickness and drape [107]. In this study, wales are referred to as (NX), 
where N refers to the needle number and courses as (Y). 
 
 
Figure ‎6.1 Plating technique in weft knitting [108] 
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 Table ‎6.1 Fabric properties 
Fabric Yarn count 
(tex) 
Wales 
(NX) 
/cm 
Courses 
(Y) 
/cm 
Fabric 
thickness 
(mm) 
Mass 
per unit 
area 
(g/m²) 
Fabric dimensional 
change 
(%) 
Courses Wales 
Kevlar-wool Kevlar 93 
Wool 41 
7.28 8.85 1.15 520 ˗2 ˗1 
100% 
Kevlar 
Kevlar 93 
Kevlar 44 
7.28 8.85 1.13 555 0 0 
 
6.2.2. Fabric testing 
The fabric thickness and mass per unit area for the knitted fabric (the panel body) 
were measured according to the testing methods AS 2001.2.15-1989 and AS 
2001.2.13-1987, respectively. The fabric specimens were conditioned for at least 24 
hours under standard conditions of 65±3% RH and 20±2 °C, according to AS 2001.1-
1995. Fabric dimensional change was also tested according to AS 2001.5.4-1987 and 
the general requirement AS 2001.5.1-1987. The testing methods were described in 
Chapter 3. 
6.2.3. Female body armour design 
The 3D seamless knitted female body armour vests were designed and produced using 
Kevlar-wool and 100% Kevlar yarns. The Kevlar-wool fabric was used to provide the 
first (inner) layer of the body armour panel and 100% Kevlar formed the rest of the 
multi-layer panel. The layer numbers depend on the body armour protection level 
required, which might exceed 20 layers in some applications. For a low level of threat 
and considering comfort, only a few layers of fabric may be required for the body 
armour. In this study, two vests were designed, the loose-vest and the bra-vest.  
 
 Modelling Design 6.3.
6.3.1. Sizing 
Normally a 3D body armour vest model depends on body measurement, size and the 
influence of parameters including the fabric weight, density and number of layers [53]. 
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For designing a knitted 3D seamless female body armour vest, the following 
measurements have to be taken as input parameters, as shown in Figure ‎6.2. 
 
 
Figure ‎6.2 Measurement input parameters: (a) across chest width; (b) bust girth; (c) 
under-bust girth; (d) waist girth; (e) across back width; (f) neck to waist centre back; 
(g) chest-point width; (h) neck to chest-point length; (i) armhole length 
 
Measurements for a female manikin were taken using a 3D body-scanner system made 
by Textile/Clothing Technology [TC]2 to obtain accurate naked-body size data for 
multi-layering the body armour panel. The estimated ease allowance for the next layer 
of the multi-layered vest was determined by calculating the difference between the 
nude manikin scan and the clothes-on measurement scan, as shown in Table ‎6.2. The 
clothes-on scanning manikin was dressed in a duty uniform as a female prison officer 
in Saudi Arabia. The uniform consisted of undergarments, and top garments of a long-
sleeved shirt with collar, pants and gun belt. Figure ‎6.3 illustrates the scanned clothes-
on manikin profile. 
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Table ‎6.2  Knitting measurements for female vests 
 
 
Figure ‎6.3 Clothes-on body scanning 
The selected measurement parameters shown in Figure ‎6.2 were converted according 
to the fabric density and the body-size measurements to achieve the knitting design 
size for the body armour panel (total of NX and Y). The knitting size for the first 
(innermost) layer of the vest was calculated by aggregating the clothes-on 
measurements and half of the estimated ease allowance. The estimated ease 
allowances were used to increase the size for each successive layer in the vest. The 
converting formulas for the knitting size are: 
Length = Y × S 
Width = NX × S 
Position 
Measurement (cm) Estimated ease 
allowance (cm) 
Knitting size 
(/cm) 
Nude manikin Clothes-on NX  &  Y 
Across chest width 38 39 1 291 – 
Bust girth 101 105.5 4 399* – 
Under-bust girth 88.5 91 1.5 339* – 
Waist girth 78 81 3 306* – 
Across back width 37 37 2 284 – 
Neck to waist centre back 46 46 1 – 407 
Bust-to-bust point width 22 22 1 160 – 
Neck to bust-point length 26 27 1 – 234 
Armhole length 25 25 1 – 221 
* ½ the girth size converted to NX 
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Where: 
Y is courses number/cm 
NX is number of needle/cm [wales] 
S is body size measurement 
6.3.2. Female body armour design 
The female body armour was designed using the Knit-Paint program to create the 2D 
surface of the structured pattern. The Knit-Paint program is where all the technical 
knit design and programming in steps are constructed, including a stitch code, which is 
represented by the colour-number (Appendix E), yarn selection and option line 
(knitting process as shown in Figure ‎6.4) as well as developing knit-packages [106, 
109]. 
 
Figure ‎6.4 Option line for Shima Seiki knitting process 
The 2D seamless design was developed as a front and back panel joined from the 
shoulders, as shown in Figure ‎6.5. It can be pulled on over the head. The developed 
structure pattern was designed to create two different styles in the bust area of the 3D 
seamless female body armour vest. Both styles were designed using the machine 
transfer, which increased and/or decreased the wales of the fabric to generate the 3D 
shape without affecting the number of courses. The first style is the loose-vest, which 
has a single elongated cup to fit the bust area Figure ‎6.5 (A). The 3D shape was created 
in the bust area as darts. This style consists of two darts starting from each armhole 
side, and then increasing smoothly to the bust-point. The second style is the bra-vest, 
which has two cups in the bust area for a more-perfect fit. This design consists of two 
domes made of four darts, the first dart starting from the armhole side to the bust-
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point and the other dart starting from the centre side to the bust-point, creating two 
separate domes; Figure ‎6.5 (B). 
 
 
Figure ‎6.5 2D Design for seamless female body armour vests 
6.3.3. Knit-packages 
The knit-package is an extension of the basic programming of the design. It allows the 
3D seamless knitting to be more readily visualised and communicated with the 2D 
pattern. There are three important elements in the package: 1) the package base-
pattern, 2) the compressed-pattern and 3) the development-pattern [106]. The 
package base-pattern uses the individual knit programs which are registered by the 
colour code. For the 3D body armour vest design, the package base-pattern included 
the body packages front and back (Figure ‎6.6), the bust cups (Figure ‎6.5 A & B), the 
round neck and front and back armholes (Figure ‎6.6). 
The compressed-pattern is the complete version of the design, shown in Figure ‎6.5. 
The development-pattern is the expanding process of the base and compressed 
pattern combined together, to achieve the overall knitting process, as shown in 
Figure ‎6.6. 
(A) Loose-vest 2D design (B) Bra-vest 2D design 
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Figure ‎6.6 3D seamless knitting design (the package base-pattern) 
Armhole widening 
Armhole shaping 
Main jersey 
Front body rib 2×2 
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Figure ‎6.6 3D seamless knitting design (the package base-pattern) continued 
(3) 
(1) 
(2) 
(4) 
(5) 
Front neck bind-off 
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Figure ‎6.6 3D seamless knitting design (the package base-pattern) continued 
Neck-hole package (1–9) 
(6) 
(7) 
(8) 
(9) 
Pick up of back neck 
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Figure ‎6.6 3D seamless knitting design (the package base-pattern) continued   
Back body widening 
Back body shaping 
Back body rib 2×2 
Back body bind-off 
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6.3.4. 3D knit process and multi-layer vest 
The developed-pattern packages (Figure ‎6.6) were transferred to the machine 
language via the auto-process of the computer software, including the machine type 
(N.SES183-SWG), the gauge and needle bed length, yarn carriers and yarn carrier 
combination. The loop length was set to 6.63 mm and the tension was controlled by 
the stitch setting to 35 to 40 qualities on the back and 40 to 35 qualities in the front via 
the machine control window, and the overall knitting process is illustrated in 
Figure ‎6.7. Due to the high strength and stiffness of Kevlar yarn, the machine operated 
at a low speed (0.3 m/s) to avoid needle damage. As a result, the overall knitting time 
was 90 minutes per one layer of the vest. It is expected that the knitting time would be 
much shorter through knitting process optimisation for commercial production. 
The multi-layer vest size was increased for each additional layer by using half-ease 
allowances in width and length. The size was increased from the cup darts in the 2D 
design by adding the NX number to the start and the end of each dart, in order to 
achieve the needed width across the bust and the back of the panel. This method 
provides the larger sizes to use for multi-layering both female body armour designs. 
With the bra-vest design, however, the knit-package was modified to increase the 
dome width as well as to smooth the shape of the darts. The width of the back panel 
was also increased. Figure ‎6.8 shows the final multi-layered panel for both designs, 
which includes five layers arranged in the same orientation as the knitting process. 
The design form and structure will not be affected if the number of layers increases. 
The vests fit the dressed female manikin well, suggesting that the designed vest would 
be comfortable to wear.  
 
84 
 
 
Figure ‎6.7 Overall knitting process (the development-pattern) 
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Figure ‎6.8 Knitted 3D seamless female body armour vests on the manikin dressed in a 
female officer duty uniform in Saudi Arabia 
 Results and Discussion 6.4.
6.4.1. Fabric properties 
The100% Kevlar and Kevlar-wool designed knitted fabrics have similar structures but 
different yarn tex. The fabric thickness was slightly different between the Kevlar and 
Kevlar-wool (Table ‎6.1). The Kevlar-wool fabric was thicker due to the twisted wool 
fibre, which created a fluffy surface. On the other hand, the 100% Kevlar fabric surface 
was smoother than the Kevlar-wool due to the flattened filaments of the yarn. This can 
be seen clearly by comparing the SEM images in Figure ‎6.9 and Figure ‎6.10. 
Furthermore, the 100% Kevlar fabric has higher mass per unit area of 555 g/m2 than 
the Kevlar-wool fabric (520 g/m2). This is because the 44 tex Kevlar yarn was used to 
plate the back face of the fabric, and was higher than the wool yarn count of 41 tex. 
However, both single layer fabrics would be classified as heavy-weight fabrics (>475 
g/m2) [110]. This amount of material is necessary for effective protection against a 
low-risk level threat. 
Bra-vest design Loose-vest design 
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Front (Kevlar)    Back (wool) 
Figure ‎6.9 Knitted Kevlar-wool fabric 
 
Front (Kevlar)  Back (Kevlar) 
Figure ‎6.10 Knitted 100% Kevlar fabric 
 
Table ‎6.1 shows the fabrics’ dimensional changes after washing. It can be seen that the 
100% Kevlar fabric shows no change in both wales and courses. However, the Kevlar-
wool has shrunk by about 2% in courses and 1% in wales. These changes are the result 
of felting of the non-shrinkproof wool yarn used for plating the back face of the fabric. 
It is well known that wool fabrics, in particular non-shrinkproof treated wool fabrics, 
tend to shrink during washing with detergent. The dimension changes can be 
minimised by using shrinkproof wool yarn, or compensated for by adding a further 
shrinkage allowance during design of the innermost layer if necessary. 
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 Conclusion   6.5.
Weft-knit single-jersey Kevlar fabrics of 100% Kevlar-plated and wool-plated was 
produced using a flat-knitting machine, Shima Seiki SES-S.WG®. The fabrics show slight 
differences in thickness and weight due to the difference in yarn count to plate the 
back face of the fabrics. The machine software WG-SDS-ONE APEX3 was used to 
develop two different styles of seamless multi-layered female vests, which can provide 
better fit through 3D body scanning and mobility comfort with bust space.  This 
method of making knitted seamless garments can produce flexible female body 
armour to accommodate the contour of the bust for fit and comfort; meanwhile, it 
eliminates the traditional cutting and sewing processes with no material waste. 
Fabrics densities of NKW and NKA were used to design and produce the 3D seamless 
female body armour vest. The innermost layer of the panel was made of NKW to 
improve moisture transport and thermal comfort, while the rest of the multi-layered 
vest was made of NKA for maximising protection. The designed vest is to protect 
female prison officers against a low level of stab threat, while maintaining a certain 
level of fit and comfort. The stab and puncture resistance performance and the thermal 
comfort properties of the body armour fabric and vests are reported in Chapter 7 and 
Chapter 8, respectively. This 3D seamless knitting technology could be used for 
applications including fashion design and producing complete protective garments for 
mining, medical and defence sectors. The 3D design improves fit and mobility comfort 
for female users. 
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 Puncture Resistance Evaluation of Knitted Fabrics Chapter 7 
 Introduction  7.1.
Knitted fabrics can be used as stab-resistant material to enhance the strength and 
damage tolerance of body armour [15, 48]. Several knitted structures including single-
jersey, plush, interlock, 1×1 rib and warp-knit spacer structures have been 
investigated to understand their stab-resistance performance [15, 48, 49, 111]. 
Flambard and Polo [15] developed a plush and single-jersey knitted fabric using an 18 
gauge circular knitting machine. The single-jersey knitted fabrics were produced by 
using spun yarns of Zylon (60 tex) as well as Kevlar®29 (72 tex). The knitted Zylon and 
Kevlar achieved the stab test of multi-layered fabric of 2128 g/m2 with 16 J stab 
energy and 2196 g/m2 with 11 J stab energy resistance, respectively. Alpyildiz [48] 
produced knitted fabrics called “double-face” and “double-faceInlay”  using a flat-knit 
machine and studied the stab and cut resistance. A comparison between the single 
jersey developed by Flambard and Polo [15] with the “double-face” and “double-
faceInlay” proved that the Alpyildiz fabrics gave better stab resistance than the plush 
and jersey knitted structures. Miao et al. [111] investigated the stab resistance of 
warp-knitted fabric made of ultra-high molecular weight polyethylene. They explored 
the knife penetration process on the knitted fabric. Their results showed that the loop 
tightness of the fabric played an important role in stab resistance because the fabric 
would not stretch, allowing yarn to resist the knife cut [111]. Khondker et al. [112] 
dealt with the impact resistance and damage of composite materials made from E-glass 
fabrics. In their study they investigated three different styles of weft-knit structures 
that include Milano, plain knit and 1×1 rib. It was realised that the changes to both the 
structural parameters and the knit styles affected the impact resistance of these 
composites. A knitted structure with a higher loop density provided the best knit mesh 
generation, increasing the structural integrity that provided improved damage 
resistance. 
Mayo et al.  [113] improved the stab and puncture resistance of woven Kevlar fabric by 
using a thermos plastic coating. The polyethene, specifically Surlyn films, were 
laminated onto the fabrics, with equal weights and thicknesses. The results showed 
that the thermos plastic coating improved the stab resistance by improving frictional 
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resistance between the target and the impactor. Decker et al. [31] extensively studied 
the stab resistance of shear thickening fluid (STF)–treated fabrics for Kevlar fabric. 
Their results showed that the 12-layer STF-Kevlar fabric gave better puncture 
resistance than 15-layers Kevlar fabric without treatment. Tavanai et al. [3] 
investigated the addition of abrasive particle coatings to enhance the piercing 
resistance of woven polyester-cotton fabric. The abrasive particles used in their study 
were silica sand, natural sand, aluminium oxide, titanium dioxide, silica carbide and 
diamond powder. Their results showed that silica carbide has higher piercing 
resistance compared to all other particles used in their study. They concluded that the 
applied coating to enhance piercing resistance could be related to the type and amount 
of particles used. Moreover, flexible body armour fabric with an abrasive coating had 
enhanced the fabric resistance against stabbing by ice picks and syringe-needle. 
The coated woven fabrics outlined above showed improvement in puncture and stab 
resistance. However, no one has previously coated knitted fabric for stab resistance. In 
this chapter, the knitted 100% Kevlar fabrics developed in Chapter 6 were compared 
with those coated with abrasive particles to enhance stab resistance. Bursting-strength 
and stab-resistance drop tests were conducted using five different puncturing tools, 
including a 10 mm diameter steel ball, a flat-faced impactor, a pointed impactor 
(Chapter 3, Figure 3.2), and a standard single-blade knife (one sharpened edge) and 
standard double-blade knife (two sharpened edges), as shown in Appendices B and C. 
The main purpose was to determine the serviceability and protection level of all the 
single-layer knitted fabrics. Multi-layered flexible stab-resistant panels were also 
investigated to assess whether different layering combinations provided improved 
effectiveness against knife penetration.  
 Materials 7.2.
7.2.1. Fabric  
The knitted Kevlar plated with wool (NKW) and the knitted 100% Kevlar plated with 
Kevlar (NK) fabrics were investigated to evaluate their mechanical properties (Chapter 
6). The NK fabric was coated with the Plastisol coating (resin only), and the resin with 
the inclusion of abrasive particles, respectively, in order to compare different coating 
effects on improving fabric puncture and stab resistance. The reason for using the NK 
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fabric for coating is because it was used for multi-layering the assemblies. Since NKW 
was plated with wool to improve thermal comfort performance, it was only placed as 
the innermost layer (next-to-skin) of the assemblies. Therefore, adding a coating on 
the NKW fabric would nullify the moisture and thermal attributes of the wool. 
7.2.2. Chemicals  
Polyvinyl chloride resin was sourced from Union Ink Co. Stoddard solvent, a 
hydrocarbon solvent that provides good solvency with controlled evaporation was 
obtained from Recochem Inc. Acid-washed sand was sourced from Thermo Fisher. 
Casting resin was obtained from Barnes Products Pty Ltd.  
 Experimental 7.3.
7.3.1. Coating method 
Two coating methods were applied to the NKA fabric. The first coating combination 
was 300 g Polyvinyl chloride resin and 40 g Stoddard solvent. The second combination 
was the previous combination plus 45 g of natural sand. Both combinations were 
mixed thoroughly. The coating was applied using a Mathis laboratory coating device 
with a floating knife method. The NKA fabric sample size was 330 mm × 430 mm. The 
knitted fabric was placed under tension force and the measuring gauge was set to 
achieve 1 mm coating thickness on the fabric face. The coated fabrics with Plastisol 
(RNK) alone and with the abrasive particles (CNK) were then cured in an oven at 180 
°C for 3 minutes.  
7.3.2. Fabric physical properties  
The physical properties of the single-layer fabrics, including thickness and mass per 
unit area, were measured according to the Australian Standards [78, 79], respectively. 
The results are shown in Figure ‎7.1.  
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Figure ‎7.1 Single-layer fabric physical properties 
7.3.3.  Bursting strength for single-layer fabrics 
The NKW, NKA and CNK knitted fabrics were examined to evaluate their bursting 
strength in accordance with Australian Standard AS 2001.2.19 [114]. However, the 25 
mm standard ball was replaced with different simulated impactors (as illustrated in 
Chapter 3, Figure ‎3.1), a flat-faced impactor, a 10 mm diameter polished spherical steel 
ball, a pointed impactor (simulating an AK-47 round), single-blade and double-blade 
standard knives. Each indicated penetration strength result is the mean value of three 
tests conducted for each fabric type. 
7.3.4. Stab resistance drop test for multi-layered assemblies 
The stab resistance drop test was described in Chapter 3, Section 3.2.3. Multi-layered 
assemblies with different combinations made of knitted NKW, NKA, RNK and CNK 
were tested using the stab-resistance drop test. The NKW fabric was used as the first 
layer (innermost) in all assembles, as shown in Figure ‎7.2. The multi-layered 
combinations of layers were arranged in the same course/wales orientation, since the 
3D female vests developed (Chapter 6, Section 6.3.4) were multi-layered with the knits 
all oriented in regards to the 3D knitting process. The multi-layered assemblies’ 
physical properties are described in Table ‎7.1. 
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Figure ‎7.2 The multi-layered combinations 
 Table ‎7.1 Physical properties of multi-layered assemblies 
 
The strike energy levels used in the stab tests for both the single-blade and double-
blade knives were 5 J and 8 J. In addition, to determine the effects of the knives on the 
knitted fabric, both wales and courses directions were tested (Figure ‎7.3). For the 
other impactors, the strike energies were 15 J and 20 J and the fabric directions were 
no longer relevant since the impactors have no specific orientation (no sharp edges). 
An average of three measurements was taken for each energy level. 
Assemble 
Thickness 
(mm) 
Mass per unit area 
(g/m2) 
5L 5.67 2740 
5L-RNK 5.71 3124 
5L-CNK 6.56 4059 
5L-2CNK 7.45 5378 
10L 11.32 5515 
10L-CNK 12.21 6834 
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Figure ‎7.3 Knife penetration arrangement: (A) blade parallel to wales cutting courses, 
(B) blade parallel to courses cutting wales  
Moulds of the the back-face trauma left in the fabric and plastilina body simulant were 
made after impact using casting resin obtained from Barnes Products Pty Ltd. The 
resin used for this moulding is a white two–component rigid urethane casting 
compound under the market name Easycast®. The casting resins were mixed before 
each use to ensure uniformity of the materials and poured inside the trauma left in the 
Plastilina® clay after the stabbing test. The resin was left to cure at ambient 
temperature for about 30 minutes, until it hardened. The total trauma depth moulding 
was removed from the Plastilina® and then the perforation depth was measured and 
recorded (Figure ‎7.4).  
 
Figure ‎7.4 Trauma depth casting shape 
Wales 
Courses 
Knife blade 
(A) 
Knife blade 
Wales 
Courses 
(B) 
Perforation depth 
Fabric deformation 
depth 
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 Results and Discussion  7.4.
7.4.1. Bursting strength of individual layers 
The bursting strength of a fabric is a measure of its strength and its durability, and can 
be evaluated by measuring the amount of force needed to rupture the fabric; a higher 
required force indicates a greater durability [115]. The results for the 10 mm ball in 
Figure ‎7.5 (A & B) show that the NKA fabric exhibited the highest bursting force, 
followed by the CNK fabric, with the NKW fabric being the weakest. However, the NKA 
fabric did not rupture during the 10 mm ball bursting test because the applied load 
exceeded the maximum allowable load that was pre-set in the equipment for the test. 
The maximum load value of 3000 N was set to prevent the upper jaw of the instrument 
hitting the specimen holder in the case there were no rupture. This phenomenon of the 
fabric is being attributed to the knitted structure having relatively stretchability. The 
high bursting strength of the NKA fabric is attributed to its composition, which is 
100% Kevlar (93 tex on the front face and plated on the back with 44 tex Kevlar). The 
NKW fabric showed the lowest bursting strength due to the presence of wool in the 
structure, which is much weaker than Kevlar. Although, the CNK fabric is made of 
100% Kevlar, the presence of the coating on the fabric surface increased its 
stretchability slightly by binding the constituent yarns together and providing some 
cushioning. Hence, the yarns are restricted from moving with the force applied by the 
ball impactor leading to slightly lower penetration value, but a slightly greater 
extensibility than the NKA fabric. The NKW showed the greatest extension of 
approximately 25 mm and lowest penetration force (approximately 2000 N) in line 
with the 93 tex of Kevlar compared with 137 tex for the NKA. 
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Figure ‎7.5 (A) 10 mm ball bursting strength; (B) 10 mm ball compression force VS 
extension curves  
The graph in Figure ‎7.5 (B) shows the compressional load and extension of the fabric 
samples during the bursting-strength testing using the ball impactor. Three distinct 
stages were observed. All three fabric samples showed similar responses to the load 
during the test. In the initial stage I, the fabric sample showed less extension with a 
higher amount of load. This stage was started in the beginning of the test when the 10 
mm ball pushed the fabric and stretched all yarns. Subsequently, in stage II, the 
extension was higher for a lower amount of compressive load. In this stage the yarns 
started to move because of the compression force applied. In the final stage III the 
fabric was subjected to higher extension with a sudden drop of compressive load; 
hence the bursting to the fabric occurred.  
Figure ‎7.6 (A & B) shows the bursting strength for the fabrics using the flat-faced 
impactor. It can be seen from the figure that the CNK fabric was the strongest, followed 
by the NKA fabric, with the NKW fabric being the weakest. However, the bursting 
strength for the flat-faced impactor (8 mm diameter) was lower compared to the 10 
mm ball, because the ball impactor allowed more yarns to be stretched around its 
surface than around the sharp corner of the flat-faced impactor, where the tensile 
stresses would be very high. 
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Figure ‎7.6 (A) Flat-faced impactor bursting strength; (B) Flat-faced impactor 
compression force VS extension curves 
 
Figure ‎7.6 (B) shows the compressional load and extension of the fabric samples 
during the bursting-strength test. Similar to the 10 mm ball in Figure ‎7.5 (B), three 
distinct zones were observed when the flat-faced impactor was used. While comparing 
Figure ‎7.5 (B) and Figure ‎7.6 (B), it can be observed that all three fabric samples 
showed similar responses to the load during the test in stage I and stage II. However, 
in the final stage of the flat-faced impactor the compression force rose steadily 
compared to the 10 mm impactor.  This response was only found with the ball and flat-
faced impactors, and is attributed to their surface diameter and shape.  
It can be seen from Figure ‎7.7 (A) that when testing the three fabrics using a pointed 
impactor, the coated fabric (CNK) was again the strongest, followed by the NKA fabric, 
with the NKW fabric being the weakest of the three. These results show a similar trend 
to the flat-faced impactor tests (Figure 7.6 A), although the bursting forces needed 
were much lower. This is expected because the pointed impactor applied a relatively 
much greater force per unit area of the tested fabric. Furthermore, the three curves in 
Figure ‎7.7 (B) are of a quite different shape to those observed previously for the 10 
mm ball and flat-faced impactor tests, lacking the wide peak shape in the CNK fabric, 
and rising steadily to the point of rupture in both the NKW and NKA fabrics.  
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Figure ‎7.7 (A) Pointed impactor bursting strength; (B) Pointed impactor compression 
force VS extension curves  
Figure ‎7.8 shows the single-blade knife bursting strength, and knife penetration force 
VS extension curves. The knife blade aligned parallel to the courses direction, which 
cut through wales during the test. It can be observed from Figure ‎7.8 (A) that the 
coated fabric (CNK) was the strongest, followed by the NKA fabric, with the NKW 
fabric being the weakest among the three. This trend was similar to the results 
observed during the tests using a flat-faced and a pointed impactor.  
 
 
Figure ‎7.8 (A) Single-blade knife bursting strength; (B) Single-blade knife compression 
force VS extension curves  
From Figure ‎7.8 (B) it can be seen that the nature of the curves for the NKW and NKA 
fabrics for the single-blade knife are similar to the curves obtained for the pointed 
impactor. However, the coated CNK fabric shows a curve with several minor and 
indefinite peaks. This phenomenon can be attributed to the interaction between knife 
and the sand particles sized approximately 390 µm as can be seen in Figure ‎7.9 (A). 
0
500
1000
1500
2000
2500
3000
NKW NKA CNK
B
u
rs
ti
n
g 
st
re
n
gt
h
 (
N
) 
A 
0
500
1000
1500
2000
2500
3000
0 10 20 30
C
o
m
p
re
ss
io
n
 f
o
rc
e 
(N
) 
Extension (mm) 
B 
NKW NKA CNK
0
30
60
90
120
150
NKW NKA CNK
B
u
rs
ti
n
g 
st
re
n
gt
h
 (
N
) 
A 
0
30
60
90
120
150
0 10 20 30
C
o
m
p
re
ss
io
n
 f
o
rc
e 
(N
) 
Extension (mm) 
B 
NKW NKA CNK
 
98 
 
While the knife pushed away the sand particles, resulting in several minor peaks, there 
was a steady rise of the compressive load to the point of rupture. Figure ‎7.9 (B) shows 
the sand particles on the fabric coating surface, confirming the presence and uniform 
distribution of the sand particles.   
 
Figure ‎7.9 SEM images (A) Sand particles; (B) Particle distribution  
 
However, in the case of the CNK fabric, there are two peaks in the curve compared to 
the other two fabrics. The initial peak occurs at a lower extension level of 10.1 mm and 
the final penetration of the knife is observed at a much higher level of extension of 28.1 
mm. The two peaks in the curve could be the result of the application of the 1 mm thick 
abrasive coating which was first ruptured by the knife action. The first peak is the load 
needed for the knife to rupture the abrasive coating on the fabric surface, which is 50.2 
N; whereas the second peak represents the load (142.6 N) needed to further cut the 
abrasive coating and rupture the fabric itself. This is justified by the results of the 
uncoated fabric (NKA, NKW), which show only one peak due to the absence of any 
coating. 
Miao et al. [111] summarised the penetration process of the knife into three phases in 
the case of uncoated fabrics. In the first phase, the tip of the knife went easily through 
the loop without breaking the yarn or the fabric. The second phase involved the 
process when the knife started to distort the face surface of the fabric once its limited 
extension was reached. The final phase started when the knife completely penetrated 
and broke the loops; therefore the load started to drop. Although this phenomenon 
was observed for the NKW and NKA fabrics, it was not observed for the CNK fabric. In 
A B 
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the case of the CNK fabric, there was the presence of the abrasive coating, which 
offered an advantage to substantially reduce the yarn slippage between the loops. Also, 
the abrasive coating contained sand particles that restricted the movement of the knife 
by the abrasive action with the knife blade. In the case of a knife, the sharp blade 
distorts the fabric by an increasing load before, finally bursting through the coating 
and the fabric. In addition, the ‘jittery’ nature of the curve after the first peak can be 
attributed to the momentary changes in the applied force each time the sharp edge of 
the knife blade actually cuts through the yarns of a loop in the knitted fabric. 
Subsequently, the knife blade encounters new resistance from uncut yarns.  
Figure ‎7.10 indicates the bursting strength values and the curves of the fabrics when a 
double blade knife was used. The knife blade aligned parallel to the courses, which cut 
through wales during the test. From Figure ‎7.10 (A), it can be seen that the CNK fabric 
was the strongest, followed by the NKA fabric, with the NKW fabric being the weakest 
of the three. This trend was also observed in the case of all other impactors, excluding 
the 10 mm ball impactor.  
 
Figure ‎7.10 (A) Double-blade knife bursting strength; (B) Double-blade knife 
compression force VS extension curves  
Figure ‎7.10 (B) shows the fabric knife-penetration force VS extension. It can be seen 
that NKW and NKA show a similar ‘jittery’ nature. The curves reach the highest peak 
(about 10 mm extension) and then the force drops to lower values when the knife 
penetrated the fabric. A second peak is observed for both the NKW and NKA fabric at 
an extension of 20 mm. At this point, the knife was not actually fully penetrated 
through the fabrics. It was still moving down and cutting through the yarns in the loop 
of the fabric, causing a ‘jittery’ curve.  
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The CNK fabric showed a similar trend compared to the other two fabrics. However, 
the curve reached the highest peak at the extension of 9 mm, followed by a sharp force 
drop. The reason can be attributed to the momentary changes in the applied force each 
time the sharp edges of the knife blade cut through the abrasive coating surface and 
the loops of the knitted fabric. As the knife progressed through the fabric, it met 
resistance and then cut more yarns, causing the force to fluctuate repeatedly. Similar 
results were observed by Miao et al. [49].  
While comparing the results of the single-blade and double-blade knife, a difference is 
observed in the nature of the curve and the load to rupture the fabric samples. The 
highest load observed for the three fabrics (NKW, NKA and CNK) is 61.7 N, 89.2 N and 
147.2 N for the single-blade knife, respectively; whereas it is 15.2 N, 20.2 N and 38.7 N 
for the double-blade knife. The double-blade knife has two sharp edges; hence the 
force needed to cut a fabric is much lower than for the single-blade knife due to the 
cutting action of the knife on both sides.  
Comparing the effect of the type of impactor on the bursting strength, it can be 
observed the knife impactor produced the lowest amount of bursting strength among 
that the impactors. The highest value of the bursting strength is observed for the 10 
mm ball. As explained earlier, the cutting action of the sharp knife blade substantially 
reduced the bursting strength. However, the highest bursting strength of the 10 mm 
ball can be explained on the basis of the number of yarns resisting the penetration of 
the smooth surface of the ball. As the ball penetrated, the smooth surface stretched the 
fabric as it was in contact with multiple yarns. 
 
7.4.2. Stab-resistance drop test of multi-layered assemblies 
7.4.2.1. Drop-stabbing test with impactors   
In the stab-resistance drop test, the three selected impactors were the 10 mm ball, flat-
faced and pointed impactors. The stabbing energies used were 8, 15 and 20 J. The 
results show that none of these impactors could penetrate the surface of the outer 
layer of the 5L assembly at all energy levels.  This indicates that the 5L assembly was 
able to provide the required stab protection against all the three impactors, not 
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mentioning the 5L-CNK and the 10L assemblies. Figure ‎7.11 and Figure ‎7.12 show the 
trauma distortion with 10 mm ball and flat-faced impactor (8 mm), respectively, for 
the 5L assembly at 20 J energy. It can be observed that the depth of the trauma was 45 
mm, which caused a slight permanent change to the outer face shape of the assembly 
by stretching the structure. Figure ‎7.13 show the drop test for the pointed impactor 
into the 5L assembly at 20 J. It is observed that the trauma distortion was quite deep 
(55 mm) compared with the other impactors. This result is attributed to the pointed 
impactor exerting greater force per unit area on the fabric than either the flat-faced or 
the 10 mm ball impactors. Although there was no penetration through the fabric, the 
depth of the trauma indicates that this may cause some contusions and soft tissue 
injury within the body at 20 J energy.  
 
 
Figure ‎7.11 Drop test with 10 mm ball into 5L at 20 J: (A) Impact; (B) Fabric distortion 
apparent damage; and (C) Trauma casting (45 mm depth of indentation) 
 
Figure ‎7.12 Drop test with flat-faced impactor (8 mm) into 5L at 20 J: (A) Impact; (B) 
Fabric distortion apparent damage; and (C) Trauma casting (45 mm depth of 
indentation) 
(A) (B) (C) 
(C) (A) (B) 
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Figure ‎7.13 Drop test with pointed impactor (8 mm) into 5L at 20 J: (A) Impact; (B) 
Fabric distortion apparent damage; and (C) Trauma casting (55 mm depth of 
indentation) 
 
7.4.2.2. Single-blade knife drop test 
For body armour fabrics, stab resistance is a vital parameter to indicate if the fabric is 
capable of fulfilling its function of protecting the wearer against a stabbing attack. The 
stab resistance of different multi-layer assemblies was evaluated using single-blade 
and double-blade knives. For the single-blade knife, the test started with one layer and 
progressively increased up to four layers in the assemblies. However, in all cases the 
knife completely penetrated. The 5L assembly was then used as the basis for the 
subsequent multi-layered assemblies to assess stab resistance. The first evaluation for 
the assemblies was to determine the most effective combinations for improving stab-
resistance performance; hence low strike energy was used. For assemblies 5L, 5L-CNK, 
10L and 10-CNK, the strike energies were 5 J and 8 J. Testing at a higher energy would 
require increasing the number of layers, therefore increasing the assembly weight. The 
five-layer assemblies 5L-RNK and 5L-2CNK were only tested at 8 J for coating 
comparisons to prove the effectiveness of the abrasive particle coating. In order to 
separately determine the effects of the knitted fabric orientation on the knife blade, the 
alignments of the knives were set to impact the fabric in both course and wale 
directions, as indicated in Figure ‎7.3. 
Figure ‎7.14 displays the results of the stab resistance tests with the single-blade knife 
orientated parallel with the wales (A) and the courses (B) in the fabric, respectively. It 
can be observed from Figure ‎7.14 that there is a minor drop of the penetration depth 
(A) (B) (C) 
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in 5L-RNK compared with the 5L assembly, which is due to the one coated layer (resin 
coating). This indicates that the one layer coated with only resin has improved stab 
resistance by about 3.3% when the knife cut parallel to the wales and by about 3% 
when the knife cut parallel to the courses. On the other hand, the 5L-CNK penetration 
depth was less compared to 5L and 5L-RNK. This indicates that one layer of CNK in the 
5L assembly (5L-CNK) has improved stab resistance by about 27.6% when the knife 
cut parallel to the wales and by about 43% when the knife cut parallel to the courses. 
This is attributed to the coating, as the CNK fabric was coated with abrasive particles 
containing natural sand of approximately 390 μm (Figure ‎7.9). Figure ‎7.14 confirm 
that the abrasive particle coating improved the stab resistance, because the sand 
increased the knife friction and thus the penetration depth was less in 5L-CNK. 
Moreover, two layers of the CNK fabric in the 5L-2CNK assembly improved stab 
resistance by about 31.7% of when the knife cut parallel to the wales and by about 
47% when the knife cut parallel to the courses compared with the 5L assembly. 
However, comparing 5L-CNK with 5L-2CNK, the stab resistance was improved stab 
resistance by about 5.5% when the knife cut parallel to the wales and by only about 
6.4% when the knife cut parallel to the courses. The 5L-2CNK stab-resistance result is 
unexpected, since adding one layer showed maximum of 43% improvement. It was 
expected that another CNK layer would improve stab resistance much more than 47%. 
Nevertheless, further investigation and analysis of fabric layer combinations are 
warranted.  
 
Figure ‎7.14 Single-blade penetration depths for 5L assemblies with different fabric 
combinations at 8 J 
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Figure ‎7.15 shows the single-blade knife penetration depths of 5L, 5L-CNK 10L and 
10L-CNK assemblies. As expected, the penetration (perforation depth) for the 10L-CNK 
assembly was the least; hence its stab resistance is the best. It can be seen from 
Figure ‎7.15 that 10L and 10L-CNK had the small depth of penetration compared with 
5L and 5L-CNK. This is attributed to the knife friction when it cut through the fabric 
layers; hence more energy would be dissipated. This indicates that the 10L-CNK 
assembly passed minimum penetration (7mm) depth at 5 J and 8 J, according to the NIJ 
Standard.  
 
 
Figure ‎7.15 Single-blade knife penetration depths  
The perforation was less for all assemblies when the knife blade was parallel to the 
wales in each case, due to the fabric density being higher in one direction (8.85 
courses/cm) than the other (7.28 wales/cm) (Table ‎6.1). Also as expected, the 8 J 
strike energy level produced the greatest penetration in each test, in comparison with 
the 5 J level. Furthermore, 5L-CNK and 10L-CNK performed consistently better in 
terms of stab resistance than the uncoated 5L and 10L assemblies due to the sand-
particle coating, which increased the friction during impact between the knife and the 
coating surface. Tien et al. [44] confirmed that low density of the fabric led to low 
stabbing resistance and thus large penetration depth. 
An additional reason could be due to the higher thickness (6.56 mm and 12.21 mm) 
and weight (4059 g/m2 and 6834 g/m2) for the 5L-CNK and 10L-CNK assemblies than 
for the 5L and 10L assemblies  (5.67 mm and 11.32 mm in thickness and 2740 g/m2 
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5515 g/m2 in weight, respectively) (Table ‎7.1). Tien et al. [44] also demonstrated that 
the number of fabric layers increased thickness and weight, and so the penetration 
depth of the impactor decreased in an armour sample. Furthermore, comparing the 
penetration depth between the 5L-2CNK (Figure ‎7.14) and the 10L assembly 
(Figure ‎7.15), it is observed that the perforation depth for the 5L-2CNK at 8 J is higher 
than for the 10L assembly, in spite of the small mass per unit area differences for both 
5L-2CNK and 10L assemblies, which are 5378 and 5515 g/m2, respectively. This is 
because fewer yarns in 5L-2CNK were cut and there was insufficient resistance to knife 
penetration.  
Figure ‎7.16 (A & B) shows the fabric damage for single-blade knife tests for a strike 
energy level of 8 J on the 5L assembly, with the knife blade set parallel to the wales and 
the courses respectively. It was observed that when the knife cut parallel to the wales, 
six courses were cut and three wales were damaged. On the other hand, four wales 
were cut when the knife hit parallel to the courses. The indication is that the knitted 
fabric with more wales per centimetre has greater rigidity and stability in the wales 
direction; thus cut resistance increases [15]. It can be seen from Figure ‎7.16 (A) that 
the cut shape in the outer layer is horizontal and close to round at the back of the inner 
layer. This is attributed to the knife cutting the courses of the outer face fabric 
throughout the assembly fabric layers. Meanwhile, yarn cutting in the courses would 
dissipate more energy. As a result a smaller number of courses were cut at the back of 
the inner layer. On the other hand, when the knife hit parallel to the courses of the 
outer face of the fabric layer, the cut shape was close to round. This is attributed to the 
fact that the wales yarns were cut and throughout the assembly layers the energy was 
dissipated by the wales, leading to horizontal cuts at the back of the inner layer. 
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Figure ‎7.16  Images of 5L fabrics tested with single-blade knife at 8 J 
 
Figure ‎7.17 (A & B) shows the fabric damage for the 5L-CNK assembly when the knife 
cut parallel to the wales and courses respectively with 8 J of energy. The depth of the 
penetration of the 5L-CNK assembly was smaller than that of the 5L assembly 
(Figure ‎7.15) due to the replacement of one layer in the middle of the assembly with a 
coated layer (see Figure ‎7.2). The indication is that the outer layers started to dissipate 
most of the energy, thus placing the coated layer in the middle of the assembly would 
increase the energy dissipation, hence giving better stab protection. Also, placing the 
sand layer in the middle would better protect the layer from abrasion and loss of the 
sand protection. This agreed with Miao et al. [111] who reported that the “technical 
face” of the outer layer absorbed higher energy than the “technical back” of the inner 
layer of the assembly, because a greater number of loops cut in the outer layer 
compared to the inner layer. In addition, the 5L-CNK assembly has only one coated 
layer, because having more CNK layers increases the assembly weight and the 
assembly would be uncomfortable to wear. Low-energy threat application such as 
body armour for prison officers may require fewer layers for a low level of protection. 
(B) Knife blade parallel to courses 
Back (inner) Front (outer) Trauma depth  
(A) Knife blade parallel to wales 
Front (outer) Back (inner) Trauma depth  
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Figure ‎7.18 (A & B) and Figure ‎7.19 (A & B) show the fabric damage for the 10L and 
10L-CNK assemblies, respectively, with a strike energy level of 8 J. It can be observed 
that the inner surface has less damage compared to the inner surface of the 5L and 5L-
CNK assemblies.  
 
 
Figure ‎7.17 Images of 5L-CNK fabrics tested with single-blade knife at 8 J 
Front (outer) Back (inner) Trauma depth 
(A) Knife blade parallel to wales 
Front (outer) Back (inner) Trauma depth 
(B) Knife blade parallel to courses 
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Figure ‎7.18  Images of 10L fabrics tested with single-blade knife at 8 J 
 
 
 
Figure ‎7.19 Images of 10L-CNK fabrics tested with single-blade knife at 8 J 
Front (outer) Back (inner) Trauma depth 
(A) Knife blade parallel to wales 
Front (outer) Back (inner) Trauma depth  
(B) Knife blade parallel to courses 
Front (outer) Back (inner) Trauma depth  
(A) Knife blade parallel to wales 
Front (outer) Back (inner) Trauma depth  
(B) Knife blade parallel to courses 
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7.4.2.3. Double-blade knife 
Figure ‎7.20 (A & B) shows the results for the double-blade knife tests when the knife 
was parallel to the wales and courses respectively. Generally, the results follow the 
trends for the single-blade knife except, that in all cases the penetration is deeper than 
that in Figure ‎7.15, indicating that the double-blade knife caused more damage to the 
fabric. That is expected, because the double-blade knife has two sharpened cutting 
edges instead of one. It can be observed that the perforation depth was lower in the 
10L assembly in both Figure ‎7.20 (A) and (B), compared to 5L and 5L-CNK. However, 
5L-CNK provided better resistance than 5L assembly, which is due to the abrasive 
coated layer. 
 
 
Figure ‎7.20 Double-blade knife penetration depths  
Figure ‎7.21 shows the that fabric damage of the 5L assembly at a strike energy of 8 J 
for the double-blade knife dropped parallel to both wales and courses, respectively. It 
can be seen from the figure that the cutting damage was larger compared with the 
single-blade knife. Fifteen courses were damaged when the knife was dropped parallel 
to the wales. On the other hand, thirteen loops were damaged on the outer layer when 
the knife was dropped parallel to the courses. 
From Figure ‎7.22 (A & B), it can be observed that the 5L-CNK assembly seems to have 
a small perforation depth compared to the 5L assembly. The fabric damage is similar 
to the single-blade knife tests with the 5L assembly (Figure ‎7.21). Furthermore, the 
damage to the outer face of the 5L-CNK is considerably worse than that in the 5L 
0
10
20
30
40
50
60
5L 5L–CNK 10L
P
er
fo
ra
ti
o
n
 (
m
m
) 
B 
Blade parallel to courses 
5 J
8 J
0
10
20
30
40
50
60
5L 5L–CNK 10L
P
er
fo
ra
ti
o
n
 (
m
m
) 
A 
Blade parallel to wales 
5 J
8 J
 
110 
 
assembly. When the knife cut parallel to the courses, eighteen loops were cut. This 
indicates that more energy was dissipated while cutting through the wales, resulting in 
a low perforation depth of 43 mm.  
 
Figure ‎7.21 Images of 5L fabrics tested with double-blade knife at 8 J 
 
Figure ‎7.23 displays the results of the 10L assembly at strike energy of 8 J with the 
knife parallel to the wales and courses respectively. As expected, the penetration was 
low due to the extra thickness and weight of the fabric in the assembly [111]. The 
fabric damage in the outer and inner layer was similar to those in 5L and 5L-CNK. 
Back (inner) Front (outer) Trauma depth  
(A) Knife blade parallel to wales 
Front (outer) Back  Trauma depth 
(B) Knife blade parallel to courses 
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Figure ‎7.22 Images of 5L-CNK fabrics tested with double-blade knife at 8 J 
 
 
Figure ‎7.23 Images of 10L fabrics tested with double-blade knife at 8 J 
Back (inner) Front (outer) Trauma depth 
(A) Knife blade parallel to wales 
Front (outer) Back (inner) Trauma depth   
(B) Knife blade parallel to courses 
Back (inner) Front (outer) Trauma depth 
(A) Knife blade parallel to wales 
Front  (outer) Back (inner) Trauma depth  
(B) Knife blade parallel to courses 
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 Conclusion 7.5.
The comprehensive series of bursting strength and stab-resistance tests undertaken 
demonstrate that applying an abrasive coating using natural sand increased the stab 
resistance more than using resin only. 
In the bursting strength tests, the 10 mm ball and flat-faced impactors needed a much 
higher force to rupture the fabric than the pointed impactor, which can penetrate a 
small hole in the knit structure then expand it by breaking the fibre in the loops. On the 
other hand, the knife impactors show lower bursting forces in comparison with the 
other impactors due to their sharp edges.  
Except in the ball bursting-strength tests, the abrasive sand-particle coated knitted 
Kevlar fabric performed better than the uncoated knitted Kevlar fabric, with the NKW 
fabric being the least effective to resist the impactors. The sand coatings on top of the 
NKA fabric face increased knife friction and improved resistance to stab penetration. 
These results suggest that the coating is a worthwhile addition for enhancing the 
protective properties of the fabric with only 1 mm addition to its thickness. In spite of 
the fact that the coating increased the fabric weight, the abrasive coating improved the 
stab-resistance performance.   
The stab-resistance drop tests with different impactor tools (10 mm ball, flat-faced and 
pointed impactors) indicate that the 5L assembly can provide resistance to 20 J of 
energy with no penetration through the fabric. In addition, the 5L-CNK and 10L 
provide similar or low depth of indentation against these impactors in 20 J of energy. 
The stab resistance tests reveal that a double-blade knife penetrates further for the 
same force than a single-blade knife, having the advantage of two sharpened edges 
instead of just one. It is also noted that when the knife blades (single or double) are 
aligned parallel to the wales in the fabric, the stab resistance of the test fabric is 
generally better than when they are aligned parallel to the courses.  
Replacing one coated layer in the 5L assembly (5L-CNK) improved the stab resistance 
and the perforation depth was lower compared to the 5L assembly. However, two 
coated layers in the 5L-2CNK assembly show unexpected results, with small 
improvement to stab resistance compared to the 5L-CNK assembly. Further study is 
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required to determine the 5L-2CNK assembly’s failure mechanism.  On the other hand, 
the 10L-CNK assembly has achieved the NIJ Standard with no more than 7 mm 
penetration depth at 5 J and 8 J for a single-blade knife.  
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 Comfort Performance of Knitted Body Armour Fabrics Chapter 8 
and Vests 
 Introduction  8.1.
Knitted structures have been used for stab-resistant body armour fabrics to enhance 
the strength and damage tolerance of body armour because of their higher energy 
absorption capability [15, 48]. Several knitted structures including single jersey, plush, 
interlock and 1×1 rib were studied in the literature to understand their stab resistant 
performance [15, 48], as explained in Chapter 2. However, the thermal comfort 
properties of the high performance knitted fabrics were not examined.  
A soft body armour vest used today consists of multiple layers of fabric to protect the 
upper torso for both male and female users [15, 48]. The female vest is quite 
challenging to manufacture due to the female body curvature, which varies with 
different women. In Chapter 6, a new method for manufacturing knitted 3D seamless 
female body armour vests was investigated. Two vests were designed, the loose-vest 
and bra-vest. The vests are seamless, to eliminate the cutting and sewing methods 
normally used to create the bust contour, which may cause weaknesses around the 
seam joints. The contour darts in seamless vests were made the knitting transfer 
technology that produced the front of the protective panel as contoured with a curved 
bust. The vests were made as a complete garment that joined the front and back 
sections at the shoulders. This provides the wearer with easy movement and increased 
fit comfort. 
The complete garment has made it easy for multi-layered vests to be evaluated for 
thermal comfort using a thermal manikin, because it simulates the human body and 
measures the thermal and evaporative resistance of a worn garment. Also, a thermal 
manikin predicts human thermal stress [116, 117]. As utilised in assessing the 3D 
vests, the manikin gives concise algorithms of insulation values by calculating body 
temperature exposures and sweating rates within a specified time [118, 119]. Thermal 
insulation and moisture vapour resistance are useful parameters for assessing clothing 
comfort, especially when measuring the 3D multi-layered ensembles. The assessments 
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looked at various standard specifications including dry and wet heat transfer, moisture 
evaporation and the simulation of the perspiring wearer [120].  
Evaporative resistance is the moisture transfer resistance from the skin surface to the 
environment. Moisture transfer from the human body becomes the determinant for 
the evaporative heat exchange. The thermal manikin measures the water vapour 
permeability that is accounted for by the total conductance of latent heat transferred 
between the skin and the environment [117]. The shape of these manikins resembles 
that of human beings, with skin that allows perspiration and induced flexing of body 
movement. The manikin skin, made of cotton, is pre-wetted with a pump to regulate 
water supply through simulated sweat glands. Sweating also increases heat loss since 
the water partly evaporates, and partly condenses in the fabric layers, thus increasing 
the conductive heat loss. The thermal manikin results can be used to determine the 
thermal comfort range [121].  
The permeability index measures the thermal insulation and evaporative cooling 
potential (permeability), which are usually evaluated using thermal manikins [117]. 
The values collected from both dry and wet tests are expressed as a fraction of the 
evaporated moisture that has taken place and compared with evaporation through the 
air layer.  
In this chapter, newly developed weft-knit single-jersey plated fabrics, NKW, NKA and 
CNK (Chapter 6 and Chapter 7), were tested. The aim was to measure and evaluate the 
individual fabrics and multi-layered assembles for thermal comfort. The multi-layered 
vests developed in this study were also investigated for thermal and evaporative 
resistance to assess their comfort.  
 Materials  8.2.
The developed knitted fabrics, NKW, NKA and CNK, were selected for testing as single-
layer fabrics to investigate their thermal comfort performance. The fabric physical 
properties including thickness and mass per unit area were shown in Chapter 7. Also, 
the multi-layered assemblies made of different combinations of these three fabrics 
were evaluated and the assemblies’ physical properties shown in Table ‎7.1 and 
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reported in Figure ‎8.1. Moreover, the developed female body armour vests designed in 
Chapter 6 were used to evaluate thermal comfort performance.  
 
 
Figure ‎8.1 Thickness and weight of multi-layered assemblies 
 
 Experimental 8.3.
8.3.1. Moisture management properties 
The moisture management tester (MMT) was used to measure the liquid moisture 
transport behaviour, including liquid absorbency, liquid spreading and transport of 
water through the fabric. Single-layer knitted NKW and NKA fabrics were used in this 
test. The CNK fabric was not tested by MMT, since the coating would not allow water 
transfer. The testing procedure was described in Chapter 3.  
8.3.2. Sweating guarded hot-plate 
A sweating guarded hot-plate (SGHP) was used to measure the heat and moisture 
transfer properties. The NKW, NK and CNK knitted fabrics were initially evaluated as 
single layers for thermal comfort. Then multi-layered assembles consisting of two 
layers, three layers and five layers were evaluated. The ensembles were assembled 
with the same orientation. The weight of multi-layered ensembles was recorded before 
and after the water-vapour test to measure water absorption percentage.  
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8.3.3. Thermal manikin 
The female body armour vests were evaluated using the thermal manikin to measure 
the thermal and water-vapour conductivity. The testing method and instrument were 
described in Chapter 3. The loose-vest (D1) and bra-vest (D2) were tested as single 
layers made of 1L-NKW fabric and multi-layer panels. The knitted fabric physical 
properties were discussed in Chapter 6 and the multi-layered fabric properties and 
combinations were presented in Table 7.1 and Figure 7.2. The vest layers were 
assembled with the same orientation, with the first layer (innermost) made of NKW 
and the rest of the panel made of NKA (3L & 5L). The female body armour vests were 
tested on a nude manikin (Figure ‎8.2) and then dressed with a police officer’s uniform 
(Figure ‎8.3). The clothing ensemble consisted of underwear, bra, short-sleeved blouse, 
long skirt and gun belt. The vest was added over the top of the uniform.  
 
 
Figure ‎8.2 Manikin dressed with vest only: (A) Loose-vest (D1); (B) Bra-vest (D2) 
 
(B) (A) 
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Figure ‎8.3  Manikin dressed with uniform and vest: (A) Loose-vest (D1); (B) Bra-vest 
(D2) 
 
8.3.4. Infrared thermography  
Infrared (IR) thermography is a method for measuring the surface temperature of an 
object by absorbing the infrared energy produced by the object [122]. A FLIR T440bx 
thermal camera, obtained from FLIR Systems Inc, was used to measure the surface 
temperature. The IR system uses a camera with an infrared detector, optics lens and 
computer to capture the thermal image, which is displayed as colour coded 
temperatures (°C). The camera has a field of view (FOV) of 25° × 19°, IR resolution of 
320 × 240 pixels and thermal sensitivity of <30 mK at 30 °C. The spectral range of the 
camera is 7.5-13 μm. Thermal images for 5-layered female body armour vests (D1 and 
D2) were captured during dry and wet testing on the thermal manikin. The dry test 
(thermal insulation) atmosphere was set to 23±0.5 °C air temperature, 0.4±0.1 m/s air 
velocity and 50±5% RH. For the wet test (evaporative resistance), the air temperature 
was set to 35±0.5 °C, air velocity was set to 0.4±0.1 m/s and RH was set to 40±5%. 
The emissivity of the object, the surrounding temperature and the relevant humidity 
are all significant parameters that affect the IR camera temperature readings [122]. 
Through the IR camera software, these parameters can be adjusted to achieve 
temperature accuracy. The fabric emissivity of 0.78 was estimated from [123, 124] and 
(A) (B) 
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was set to all images after being captured. The atmosphere parameters including 
temperature and relative humidity were set according to the relevant test 
atmospheres.  
 Results and Discussion 8.4.
8.4.1. Moisture management properties 
The moisture management properties of both single-layer fabrics are summarised in 
Table ‎8.1. The Kevlar face of the NKW fabric was on the outer-to-skin surface (bottom) 
and the plated wool was the next-to-skin surface (top). The plated back face of the NKA 
fabric was on the next-to-skin side for this test. The MMT results show that the NKW 
fabric has medium wetting times in the top (Ts) and bottom (Bs) surfaces compared to 
the NKA fabric, suggesting that the NKW fabric takes longer to wet. This is attributed 
to the ability of the wool to absorb water. The NKA fabric wetting time is shorter on 
the Ts and Bs compared to the NKW fabric, indicating that the liquid transfers rapidly to 
the bottom layer. Since the NKA fabric is made of 100% Kevlar, it cannot absorb water. 
The top and bottom absorption percentages were 90%/s and 11%/s respectively for 
the NKW fabric, and 29.1%/s and 42.3%/s for the NKA fabric. The short wetting time 
and high absorption rate of the wool surface in the NKW fabric suggest that the wool 
surface can absorb water faster than the Kevlar surface. Hence the plated wool can 
provide better moisture management in the next-to-skin surface.  
 
Table ‎8.1 Moisture management properties – all indices (mean ± standard deviation) 
*AOWTC: Accumulative one way transport capability 
**OMMC: Overall moisture management capability 
 
Fabric Wetting time 
(s) 
Absorption 
rate (%/s) 
Max 
wetted radius 
(mm) 
Spreading 
speed 
(mm/s) 
A
O
W
T
C
* 
(%
) 
O
M
M
C
**
 
Top Bottom Top Bottom Top Bottom Top Bottom 
NKW  6.0 
±2.4 
7.0 
±0.5 
90 
±14 
118 
±20 
10 
±3.5 
21 
±5.5 
1.6 
±1.1 
3.7 
±1.7 
548 
±43 
0.7 
±0.1 
NKA 4.0 
±0.3 
3.8 
±0.3 
29.1 
±2.0 
42.3 
±18.4 
16.0 
±2.2 
20.0 
±0 
3.0 
±0.3 
3.5 
±0.1 
115 
±26 
0.5 
±0.1 
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The wetted radius and spreading speed measure the ability of water to spread over a 
large area and hence, the drying ability of the fabric [125]. Figure ‎8.4 illustrates the 
wetted radius and the differences in water transfer between the inner and outer 
surfaces of the NKW and NKA fabrics. The results reveal that the NKA fabric has a 
relatively high spreading rate (3.5 mm/s) and large wetted radius (20 mm) on the Bs, 
indicating that liquid can spread quickly over the surface, transfer easily through the 
fabric and dry quickly on the outer surface (Bs) of the fabric. The NKW fabric, on the 
other hand, has a small wetted radius (10 mm) and slow spreading rate (1.6 mm /s) in 
Ts, which means it has a moderate ability to transfer the absorbed water from the 
inner to the outer surface. However, the outer layer of NKW has a large wetted radius 
(21 mm) and fast spreading rate (3.5 mm/s). The reason for the higher wetted radius 
and spreading speed in Bs is that the Kevlar filaments are on the face of the NKW 
fabric, which does not absorb liquid and hence exhibits good liquid moisture transfer 
by wicking.  According to Jhanji et al. [125] the greater the evaporation from the outer 
surface, the lesser the time taken for a fabric to dry. 
 
Figure ‎8.4 Fabric wetted radii and water transfer 
NKW 
NKA 
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The fabric accumulative one-way transport capability (OWTC) for NKA is 115.2%. The 
overall moisture management capability (OMMC) is 0.5. Therefore the OMMC and 
OWTC grades are good, indicating that the NKA knitted plated fabric has moderate 
water penetration between both surfaces (Table ‎8.2). Hence the NKA can be classified 
as a fast-absorbing and quick-drying fabric. For the NKW fabric, OWTC (548%) is 
excellent and OMMC (0.7) is very good, due to the higher bottom absorption rate and 
spreading speed (Table ‎8.2). These results classify the NKW as a very good moisture-
management fabric.  
 Table ‎8.2 Grading of moisture management properties (Med= medium, 
Excel=Excellent) 
 
Figure ‎8.5 shows the grading value of all indices which are used to obtain the 
fingerprints of fabrics. It can be seen that the grading differences between NKW and 
NKA in Ts fingerprint are due to fabric plating. NKW was plated with 41 tex twisted 
wool fibre on the back of the fabric, while NKA was plated with 44 tex Kevlar filaments 
(Chapter 6). The Bs fingerprints of the NKW and NK fabrics show similar grading 
because the same Kevlar filament was used to knit the face of both fabric outer 
surfaces. The NKW fabric would feel dry next-to-skin because the wool increases the 
absorption rate from the inner surface, while giving good liquid evaporation from the 
outer surface due to the higher Bs spreading speed. Thus NKW would be comfortable 
to be worn next-to-skin. On the other hand, the NKA fabric has a large wetted radius on 
both surfaces. NKA is a fast drying fabric with a fair grade for OMMC. The results from 
Figure ‎8.4 suggest that the NKA fabric would be unsuitable for next-to-skin 
applications from the moisture-management point of view. 
 
Fabric Wetting time 
(s) 
Absorption 
rate (%/s) 
Max 
wetted radius 
(mm) 
Spreading 
speed 
(mm/s) 
AOWTC 
(%) 
OMMC 
Top Bottom Top Bottom Top Bottom Top Bottom 
NKW Med Med Fast Very 
fast 
Small Large Slow Fast Excel Very 
good 
NKA Fast Fast Slow Med Med Large Fast Fast Fair Good 
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Figure ‎8.5 Fingerprint of moisture management properties  
 
8.4.2. Thermal and water-vapour resistance  
The thermal resistance results for the single fabrics and multi-layered assemblies are 
shown in Figure ‎8.6. It can be observed from the figure that the NKW fabric has the 
highest thermal resistance value of 0.022 m²K/W among all the single-layer fabrics. 
This can be attributed to the high thermal insulation values of wool fibres compared to 
Kevlar [72, 110, 126]. The NKA fabric has the lowest Rct (0.004 m²K/W), which can be 
attributed to the Kevlar filament smoothness, which allows heat to pass through the 
fabric pores. However, after coating, the thermal resistance of CNK increased to 0.007 
m² K/W due to the increase in the fabric thickness and weight. According to the ISO 
11092:1993(E) Standard, the thermal resistance for very heavy-weight fabrics (>475 
g/m2) should be 0.02-0.025 m²K/W and for coated fabrics it should be between 0.03-
0.05 m²K/W. All single-layer fabrics show Rct values below the ISO specification for 
heavy fabrics [86]. Therefore, they can be considered comfortable at a moderate 
activity rate. 
 
1
2
3
4
5
One–way transport index (%) 
Bottom spreading speed (mm/s)
Bottom wetted radius (mm)
Bottom absorption rate (%/s)
Bottom wetting time (s)
Overall moisture management
Top wetting time (s)
Top absorption rate (%/s)
Top wetted radius (mm)
Top spreading speed (mm/s)
1=Poor, 2=Fair, 3=Good, 4=Very Good, 5=Excellent 
NKA NKW
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Figure ‎8.6 Fabric thermal resistance 
 
The multi-layered assemblies show significant increases in Rct. It is expected that the 
greater the number of layers, the higher will be the thermal insulation of the assembly 
[127]. The 2L fabric consists of the NKW fabric as inner and the NKA fabric as outer, 
and its average Rct result is 0.05 m²K/W. Typically, when two individual layers of 
different fabrics were assembled, the dry Rct exceeded the sum of the two separate 
layers, because of the effects of the air space between the layers. Thus, the combination 
of different fabric layers (3L-CNK and 5L-CNK) is expected to have higher thermal 
resistance than 2L. The 3L fabric that has one coated layer increased thermal 
insulation to 0.07 m²K/W. In addition, it can also be observed from Figure ‎8.6 that by 
accumulating five layers (5L-CNK) of different fabrics, the thermal-resistance value 
was the highest at 0.11 m²K/W in comparison to the 2L and 3L. This can be attributed 
to the largest thickness of the five-layer fabrics and the air gaps in between the layers, 
compared to the others [103]. In addition, according to the ISO standard specification, 
the Rct of multi-layered assemblies of up to six layers of garments should be 1.00-2.00 
m²K/W. Figure ‎8.6 shows the Rct values of the multi-layered fabrics. It can be seen that 
the Rct values for all assemblies are less than the ISO specification. 
Water-vapour resistance results for the single fabrics and multi-layered assemblies are 
shown in Figure ‎8.7. The single-layers show low water-vapour resistance of 4.4 
m²Pa/W for NKW and 5.2 m²Pa/W for NK, respectively. Horrocks et al. [72] classified 
the vapour resistance of clothing layers into three categories. Class (1) materials have 
Ret values greater than 150 m²Pa/W and are considered to be impermeable, thus are 
not comfortable to wear. Class (2) materials have Ret values between 20 and 150 
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m²Pa/W and are rated as medium performance, offering some breathable 
performance. Class (3) materials have Ret values less than 20 m²Pa/W and have the 
best performance in terms of breathability and comfort. Therefore, the NKW, NKA and 
2L fabrics can be classified under class (3) and considered comfortable and breathable 
fabrics. Conversely, the CNK fabric has been affected by the coating, which caused a 
very high Ret of 62.6 m²Pa/W. The reason for this sharp increase in the Ret of the 
coated fabric is attributed to the presence of the coating on the fabric, which prevents 
the water vapour from passing through the fabric. In addition, it can also be attributed 
to the increase in the thickness of the coated fabric (Figure 7.2). Hence, only a small 
amount of water vapour can pass through the coated fabric. The CNK fabric can be 
categorised as class (2) and its measurements were similar to those of the majority of 
commercial personal protective material on the market [72].  
 
 
Figure ‎8.7 Water-vapour resistance 
 
Figure ‎8.8 shows the moisture content percentage results of the single-layer fabrics 
and the multi-layered assemblies. It can be seen that the NKW fabric has the high 
moisture absorption percentage of 1.6% compared to NKA and CNK. This is attributed 
to the plated wool in the fabric that allows the passage of a higher amount of water 
vapour. The NKA fabric, on the other hand, has not absorbed moisture because it is 
made of 100% Kevlar filament. The CNK shows 0.6% water content, which is 
attributed to the moisture that gets into the fabric and accumulates under the coating 
layer. On the other hand, the multi-layered ensembles show increases in moisture 
content during the Ret test. The results reveal that the 2L has absorbed 2.1% moisture 
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during the experiment of 3 hours. In addition, the moisture content shows significant 
increases in 3L-CNK of 2.5% and 5L-CNK of 8.4%. During the test, the moisture 
accumulated between the layers of the multi-layered assemblies, which caused a 
higher overall moisture content.  
 
 
Figure ‎8.8 Moisture content percentage  
 
8.4.3.  Thermal comfort of female body armour vest 
8.4.3.1. Group weighted results 
Testing the vest using thermal manikins accounts for the total insulation value as the 
sum of the clothing insulation value and the air layer insulation value [128]. The 
thermal insulation values were determined for the uniforms worn by female police 
officers and the designed vests in Chapter 6. In order to investigate thermal comfort 
for the vests, a test was conducted using the thermal manikin dressed with a vest only, 
to measure serial and parallel group weighted averages for thermal insulation (Rct) 
and evaporative resistance (Ret) (Chapter 3, Section 3.2.6.2). The group weighted 
averages were defined for the corresponding Rct or Ret values of the grouped manikin 
zones. Figure ‎8.9 illustrates the selected manikin zones for measuring the serial and 
parallel value of Rct and Ret for the female vests on top of the nude manikin (no clothes 
worn).  
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Figure ‎8.9  Selected zones for group weighted averages: (9) Chest; (10) Shoulders; (11) 
Stomach; and (12) Back. 
 
The Rct and Ret (serial and parallel) results of the vests tested on the nude manikin are 
shown in Table ‎8.3. It can be observed from the table that the D1 vest shows higher 
values of both Rct and Ret compared to the D2 vests in all ensembles. This is attributed 
to the design differences in the bust area. The D1 has a loose cup that creates an air 
gap between the breasts, causing high heat resistance. The D2, on the other hand, has 
two fitted cups that fit properly to the bust, creating smaller air gaps. The serial and 
parallel results for the 5L vest are the highest for the respective samples of D1 and D2. 
This can be attributed to the thickness of the fabric layers and the manikin results also 
agree with the results tested in the hot-plate (‎8.4.2).  
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Table ‎8.3 Group weighted average (serial and parallel) method for manikin dressed 
with vest only 
Ensemble Clothing 
factor 
(fcl*) 
Thermal insulation 
Rct (m2·°C)/W±SD 
Evaporative resistance 
Ret (m2·Pa)/W±SD 
Serial Parallel Serial Parallel 
Nude manikin (Rct0) 1 0.12 0.12 19.6 18.9 
D1, 1L 1.26 0.189 
±0.001 
0.182 
±0.002 
29.7 
±0.5 
28.5 
±0.7 
D1, 3L 1,27 0.232 
±0.002 
0.224 
±0.004 
33.3 
±1.5 
33.2 
±1.5 
D1, 5L 1.28 0.236 
±0.001 
0.228 
±0.001 
38.2 
±0.6 
37.2 
±0.6 
D2 , 1L 1.26 0.177 
±0.004 
0.174 
±0.004 
28.1 
±0.4 
27.1 
±0.6 
D2, 3L 1.27 0.220 
±0.005 
0.219 
±0.005 
32.1 
±0.5 
31.8 
±0.5 
D2, 5L 1.28 0.215 
±0.011 
0.213 
±0.011 
36.9 
±0.3 
35.7 
±0.2 
*The clothing factor values  were estimated from ASHRAE standard [68]. 
 
8.4.3.2. Thermal insulation of body zones 
The thermal insulation provided by body amour must consider the human body and 
the environment. Assessment by thermal manikins is the most reliable tool to measure 
and quantify the thermal behaviour of body armour vests. Tests were conducted in 
two ways with the manikin dressed with vests as shown in Figure ‎8.2. The result of the 
bra-vest is located on the right and of the loose-vest on the left in both Figure ‎8.11 and 
Figure ‎8.10. 
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Figure ‎8.10 Thermal insulation for manikin dressed with vest only 
 
Thermal insulation properties are usually characterised by thermal resistance. 
Figure ‎8.10 shows the results of thermal insulation for the manikin dressed with vest 
only, which leads to a good adjustment of the thermal and evaporative properties of 
the vests. It can be observed that thermal insulation is reduced when the number of 
fabric layers decreases. The Rct values for D2 are lower than for D1 in the stomach 
zone and quite similar in the shoulder, chest and back zones. The stomach zone of D1-
5L shows a high insulation value of 0.3 m2·°C/W compared to that of D2-5L with 0.22 
m2·°C/W. The reason is attributed to the D1 vest design, which traps more air than D2, 
causing high insulation in the chest and stomach zones. The results indicate that the 
D2 vest is better in maintaining thermal comfort due to its lower thermal insulation 
values compared to D1.  
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Figure ‎8.11 Thermal insulation for manikin dressed with uniform and vest 
 
Figure ‎8.11 shows the thermal insulation values for both D1 and D2 when the vests 
were dressed over the uniform. It can be seen that the highest Rct is found in the 
stomach zone, followed by the chest and back zones. The shoulder zone shows the 
lowest values, because the vest is sleeveless and allows air to pass from the sides of 
this zone. The stomach zone of 5L shows the highest insulation of 0.44 m2·°C/W for D1 
and 0.39 m2·°C/W for D2 among the zones. These results are attributed to the fitted 
vests that must be worn tightly and the gun belt coverage, which traps the air between 
the fabric layers and the body. According to Fan and Chen [117], the thermal insulation 
of clothing and the properties of fabric which cause trapped air within the fabric and 
with air layers between the clothing, as well as fabric construction, are essential in 
contributing to thermal insulation [129]. Most importantly, the thickness of the vest in 
these zones (chest, shoulders, back and stomach) provides an objective measure of the 
vest’s thermal properties. 
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8.4.3.3. Evaporative resistance of body zones 
Figure ‎8.12 shows the evaporative resistance results for the vests when they were 
worn on the nude manikin. It can be seen that the highest Ret values are found in the 
chest zone of the 5L vests, followed by the stomach zones. The shoulder zones show 
the lowest values due to being sleeveless and allowing air to pass from the sides of the 
shoulder zone. The Ret values of the chest zone was 45.6 m2·Pa/W for D1, while it was 
45.7 m2·Pa/W for D2, which are insignificant. The reason for the highest values of the 
5L chest zone can be attributed to the high number of layers of the assembly that 
prevented the flow of water vapour through the fabrics.  
 
 
Figure ‎8.12 Evaporative resistance for manikin dressed with vest only 
 
Figure ‎8.13 shows the evaporative resistance for vests dressed with a uniform. When 
the vest was worn with the uniform, the evaporative resistance was higher as 
compared to the manikin without uniform. From the graph, it is clear that the Ret is 
different in both D1 and D2 assemblies. The results show that as the number of layers 
increases, the evaporative resistance also increases. Figure ‎8.13 reveals that the Ret 
values for the shoulder and back zones are lower than for the chest and stomach zones 
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for both D1 and D2. The stomach zone of the 5L vests shows the highest Ret values of 
57.9 m2·Pa/W for D2 and 56.4 m2·Pa/W for D1. This is due to the thickness of the 
clothing assembly that includes the vest on top of the uniform as well as the gun belt 
worn in this zone.  
 
 
Figure ‎8.13 Evaporative resistance for manikin dressed with uniform and vest 
 
8.4.3.4. Permeability indices of body zones 
The permeability indices (Im) for the results for D1 and D2 are shown in Figure ‎8.14 
and Figure ‎8.15. The permeability index for the vests dressed on the nude manikin was 
higher than for the vests dressed over the uniform, because of the thick clothing layers 
which prevented air from passing through. Impermeable and thickly insulated clothing 
is responsible for low values of evaporative heat exchange [130]. Hence, the body 
armour vests (D1 and D2) contribute to heat stress through the reduction of heat loss 
and hinder wearer performance in hot environments.  
The higher Im results indicate higher permeability compared to the nude manikin and 
therefore a more comfortable garment. It can be observed from Figure ‎8.14 that the 
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permeability index is the highest for the back zone, followed by the stomach, shoulders 
and chest in the nude zones. It is clear that as the number of layers increases, the 
permeability decreases in all zones. It can also be observed that the D2 vest has higher 
permeability compared with the D1 vest in all zones. The indication is that the bra-vest 
design is more comfortable and permeable to air and evaporation. 
 
 
Figure ‎8.14 Permeability index summary for vests dressed on nude manikin 
 
Figure ‎8.15 shows the permeability index for vests worn with a uniform. It is clear that 
the clothing ensemble including the uniform causes a decrease in permeability 
compared with Figure ‎8.14. The back zone shows a higher Im compared to the 
shoulders. Very close Im values occur in the chest and stomach zones. Wearing the vest 
on top of the uniform has affected the Im results. It can be observed that the D1 and D2 
Im values decrease in the tested dry and wet conditions. The permeability index for 
multi-layered vest assemblies shows close results for both D1 and D2 in all zones. The 
indication is that the vest permeability is affected by the clothing layers worn 
underneath the vest.  
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Figure ‎8.15 Permeability index summary for vests dressed with uniform 
 
8.4.4. Thermography image 
The climatic conditions, air temperature and humidity can all affect the thermal 
properties of a garment [131]. In a dry environment condition (23 °C and 50% RH) 
without radiant heat, the vest will exhibit low heat loss due to its thickness and 
thermal insulation. Figure ‎8.16 (A & B) shows the thermal images using the IR camera 
for the nude manikin during the thermal insulation and evaporative resistance tests, 
respectively. The thermography images were captured for the front of both the D1 and 
D2 vests. Throughout the experiment duration of 1 hour and 40 minutes, the skin 
temperature was maintained at 35±0.2 °C by the manikin system to simulate the 
human body. The reason for measuring the front of the vest only was to measure the 
temperature change effect on dissimilar designs in order to evaluate which design 
performed better for thermal comfort.  
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Figure ‎8.16 IR images for nude manikin 
 
Figure ‎8.17 (A & B) and Figure ‎8.18 (A & B) illustrate the 5-layered D1 and D2 vests 
dressed on the nude manikin at the start of the test and at the end, respectively. 
Average temperatures of the right breast (A), left breast (B) and stomach zones (C) 
were measured at the start and end of the test. Table ‎8.4 shows the surface 
temperature range for selected zones. It can be seen that the temperature increased 
for D1 up to 0.9 °C from 27.5 °C to 28.4 °C in zone A and  from 25.9 °C to 26.8 °C in zone 
C and up to 1.7 °C in zone B (from 27.5 °C to 28.9 °C). For the D2 vest zones, the surface 
temperature had minor increases up to 0.5 °C  from 28.4 °C to 28.9 °C and 26.3 °C to 
26.8 °C in zones (B and C), respectively, and up to 0.1 °C in zone A (28.3 °C to 28.4 °C) 
compared with D1. The increase of temperature in both D1 and D2 is attributed to the 
lower atmospheric temperature of 23 °C compared with the skin temperature of 35 °C. 
Therefore, the environment cooled the outer layer of the vest. Matusiak [63] indicated 
that heat exchange between the body and the ambient condition is an important fact 
that influences garment insulation. Consequently, a lower ambient temperature 
outside a person’s body causes condensation under single or multi-layered protective 
clothing [63, 121]. This is shown through the temperature range of the thermotherapy 
imaging in Figure ‎8.17 and Figure ‎8.18. It can be seen that the thermal insulation of the 
vest material was influenced by the atmospheric conditions. A further indication is that 
within the testing time, the D1 vest became warmer than the D2 vest due to being a 
tight-fitted vest. The D1 vest is fitted loosely in the bust area (A & B) and there is an air 
gap between the manikin body and the vest; hence the air gap acts as an insulator and 
therefore the temperature is higher than for D2. The D2 vest is a close fitting garment 
(A) Thermal insulation  
A B 
C 
Environment  
(B)‎Evaporative resistance 
A B 
C 
Environment  
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and there is very little air gap between the busts zones (A & B) and thus less insulation. 
This is clearly shown by the temperature differences in comparing D1 and D2 
(Table ‎8.4).  
 
Table ‎8.4 Temperature range of front vest zones 
 
 
Figure ‎8.17 IR images for 5L D1 in thermal insulation test 
 
 
 
 
Vest Zone Dry (°C) Wet (°C) 
Initial Final Difference Initial Final Difference 
D1 A 27.5 ±0.7 28.4 ±0.7 +0.9 36.8 ±0.1 35.3 ±0.9 ˗1.5 
B 27.2 ±0.5 28.9 ±0.5  +1.7 36.7 ±0.2 34.6 ±0.5 ˗2.1 
C 25.9 ±0.3 26.8 ±0.2 +0.9 37.3 ±0.1 35.8 ±0.2 ˗1.5 
D2 A 28.3 ±1.0 28.4 ±0.9 +0.1 37.0 ±0.5 34.7 ±0.9 ˗2.3 
B 28.4 ±0.9 28.9 ±0.8 +0.5 35.3 ±0.9 33.7 ±1.2 ˗1.6 
C 26.3 ±0.4  26.8 ±0.7 +0.5 37.4 ±0.5 36.1 ±0.8 ˗1.3 
(A) Initial 
A B 
C 
(B) Final  
A B 
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Figure ‎8.18 IR images for 5L D2 in thermal insulation test  
 
The IR images as seen in Figure ‎8.19 and Figure ‎8.20 show minor decreases in the 
surface temperature of both vests. It can be seen from Table ‎8.4 that the D1 vest 
surface temperatures decreased by 1.5 °C in zones A and C and by 2.1 °C in zone B. For 
the D2 vest, temperatures dropped by 2.3 °C, 1.6 °C and 1.3 °C in bust A, B and C, 
respectively. The decreased temperature of the D1 and D2 vests is attributed to the 
moisture absorption which is clearly shown in Figure ‎8.19 on the vest sides, and on the 
centre of the vest in Figure ‎8.20. In addition, the D1 vest has a large gap between the 
bust zones, so the fabric is not touching the skin in the centre and the air gap increases 
the insulation; therefore, less moisture is absorbed by the inner fabric. In contrast, the 
D2 vest is fitted more closely with smaller gaps in the bust zones; hence the wool 
fabric can absorb more moisture, causing a lower temperature.  
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Figure ‎8.19 IR images for 5L D1 in evaporative resistance test 
 
 
Figure ‎8.20 IR images for 5L D2 in evaporative resistance test 
 
 Conclusion   8.5.
The weft-knit single-jersey fabrics, NKA, CNK and NKW, were evaluated for thermal 
comfort and moisture management performance. The results reveal that NKW has 
improved moisture management properties compared with NKA. Plating wool into the 
knitted fabric produces good moisture absorbency and transport properties. The 
knitted fabric NKA has the lowest thermal resistance among all fabrics and NKW 
shows the highest. After coating, the CNK fabric’s Rct increased slightly but was still 
less than for NKW. The coating of CNK presented an increase in Ret value compared to 
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C 
(B) Final 
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NKA.  The study of multi-layered ensembles reveals gradual rises in both Rct and Ret 
when the layer number is increased.  
The 3D knit female body armour vests were also investigated for thermal comfort 
using a thermal manikin. The loose-vest thermal insulation was higher than for the 
bra-vest. There was also a significant increase in Rct when the layer number increased. 
However, the evaporative resistance results show dissimilarities in the chest, stomach, 
shoulder and back zones. The chest and stomach represent higher results in both Rct 
and Ret compared to the shoulders and back. The differences in the results have also 
been revealed by the IR thermography images. The surface temperature of D1 and D2 
increased in the thermal insulation test and decreased in the evaporative test. The 5L 
vests results indicate that the loose-vest is more comfortable than the bra-vest due to 
the low surface temperature in the bust and stomach zones and evaporative 
resistance.  
Overall, increasing the layer number makes the body armour more uncomfortable to 
wear. However, this is a compromised result when it comes to protection and comfort, 
because comfort is not as important as protection. The results show that the five-layer 
assembly with no coating is better than five layers with one coated layer in terms of 
both thermal and evaporative resistance. However, the 5L with one coated layer 
performed better in terms of protection against a single-blade knife. 
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 Conclusion and Future Research  Chapter 9 
 Conclusion 9.1.
The risks to prison officers from inmate attacks were evaluated and described in 
Chapter 4. It was determined that the principal attack threat is of a low-energy type, 
caused by stabbing attacks with improvised tools in Saudi Arabia prison. There was a 
general consensus among prison officers surveyed in Saudi Arabia that protective 
vests are heavy and uncomfortable to wear. As a result, the prison officers might wear 
the vest but only if it is absolutely necessary. Female officers surveyed felt that 
contoured vests would be more comfortable and would provide better protection.  
Plated knitted fabrics containing Kevlar and wool were studied. A 3D knitting 
technique was utilised, facilitating seamless construction of vests contoured for the 
female bust. Adopting this technology has eliminated the cut-and-sew method of 
manufacture, and thereby also eliminated the weakness inherent in seams, and thus 
has provided increased levels of comfort for females. The designs of vests for female 
prison officers were made as complete garments, which could be put on over the top of 
the head and joined down the sides. Furthermore, the contouring of the vest and the 
choice of plated fabrics provide increased thermal comfort for the body armour 
wearer. This was found to be especially important in hot and humid climates.  
This study focused on the lower-energy threats that are most likely to be faced by 
prison officers. Multi-layer fabrics reinforced with Kevlar appear to provide a good 
compromise between protection, weight and comfort; although this study found that 
they are lacking some degree of air permeability. 
The choices of woven fabrics used in this study were based on existing research which 
indicated that a Kevlar-wool combination would allow a reduced number of fabric 
layers for the equivalent level of protection, due to the increased friction provided by 
the wool. As mentioned in Chapter 5, the wool was treated to be water-repellent, in 
order to be comparable with commercially available Kevlar fabrics. Test results in 
Chapter 5 suggested that the wool component in the tested fabrics was advantageous 
in several respects, including providing marginally greater bursting strength and 
better thermal comfort properties. 
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Chapter 6 explored the knitted fabric designs and manufacturing procedures for the 
female body armour vests. Two knitted fabrics were produced using Kevlar yarns and 
wool with different tex. The first fabric was made of Kevlar and plated for comfort on 
the back with wool, which was used on the innermost layer (next-to-skin side) in all 
assemblies. The second fabric was made of 100% Kevlar plated with Kevlar to increase 
fabric protection; it was used for multi-layering the assembly. The physical properties 
of the fabrics were investigated. The female body armour vests were also designed and 
produced using the knitted fabrics specified. Two vests, called the loose-vest and the 
bra-vest, were designed and evaluated. The manufacturing procedure was similar for 
both designs. It was found that the fabrics including wool suffered slight shrinkage 
when washed, so it is important to use a shrink-resistant wool type. The principle of 
manufacturing seamless knitted garments was shown to be practical for eliminating 
seams, which can create weak points. 
As described in Chapter 7, a comprehensive series of bursting strength and stab 
resistance tests were carried out on the developed knitted fabrics, including fabric 
with an applied abrasive coating using sand. It was shown that the coating was a useful 
addition, in that it appeared to slow down knife penetration by increasing the friction 
at the point of entry. As expected, of all the tested impactors used in the study, the 
double-blade knife produced the greatest degree of penetration because it has two 
sharpened edges instead of a single edge. Results differed when the blade was aligned 
parallel with the courses or the wales of the tested assembly. The tests on assemblies 
with fabric combinations of 5L-RNK showed that one layer of resin coating did not 
significantly improve the stab resistance. However, one layer of abrasive coating (5L-
CNK) improved stab-resistance by about 27.6% of when the knife cut parallel to the 
wales and 43% when the knife cut parallel to the courses. Two layers of abrasive 
coating in the 5L-2CNK assembly only showed an improvement in stab resistance of 
5.5% when the knife cut parallel to the wales and 6.4% when the knife cut parallel to 
the courses compared to one layer of abrasive coating in the 5L-CNK assembly. 
Meanwhile, the 5L assembly stopped the ball, the flat-faced and the pointed impactors 
from penetrating the fabric at 20 J in a drop stab test. Also, the 10L-CNK had less than 
7 mm penetration depth for a single blade knife. This indicated that the 5L assembly 
could protect against low-energy threats from blunt, but not for sharp, impactors. For 
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protection against stabbing by sharp knives (single-blade), 10 layers of knitted body 
armour, assembled with one layer containing abrasive-particle, are required.  
Chapter 8 dealt with the important comfort aspects of the knitted body armour 
assemblies and vests. The weft-knit single jersey fabrics, NKA, CNK and NKW, were 
evaluated for thermal comfort and moisture management performance. The wool 
element in the tested fabrics provided good moisture absorbance performance and 
good moisture transport capability. The thermal resistance of single-layer knitted 
fabrics showed that NKA had the lowest Rct value among all these fabrics and NKW 
shows the highest. However, after coating, the CNK fabric’s Rct increased slightly but 
was still less than that of NKW. The coating of CNK presented an increase in Ret value 
compared to NKA. The thermal resistance of the multi-layered assemblies revealed a 
gradual increase in both Rct and Ret when the layer number increased.  
The 3D female body armour vests were also investigated for thermal comfort using a 
thermal manikin. The thermal manikin results show that the thermal insulation of the 
loose-vest was higher than for the bra-vest for all layers, indicating that the bra-vest 
design has acceptable thermal comfort and evaporative properties, due to the different 
front garment design. Differences in thermal comfort were also revealed by IR 
thermography images. The surface temperature of the loose-vest and bra-vest 
increased in the thermal insulation test and decreased in the evaporative resistance 
test. The thermal imaging for the evaporative test suggested that the loose-vest would 
be more comfortable in hot and humid conditions due to the lower surface 
temperature in the bust and stomach zones in the evaporative resistance test than the 
bra-vest. When considering the fact of production time, multi-layering, and fit comfort, 
the loose-vest would appear to be the better option of the two designs. 
Overall, this research shows that 3D knitted seamless body armour vests can provide 
an effective solution for the body armour requirement for female prison officers, 
particularly where the primary threat is from low-energy attacks (stabbing) rather 
than ballistic threats (firearms). Body armour for female prison officers needs to be 
comfortable so that they will actually wear the armour and therefore be protected 
while carrying out their duties. For female prison officers in Saudi Arabia, a 5L 
assembly would provide a good protection level for them with an acceptable level of 
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comfort. Increasing the number of layers also increases the degree of protection, but 
carries the penalty of increased weight and a consequent (and undesirable) reduced 
level of comfort.  
 Future Research 9.2.
With the objective of expanding and enhancing the knowledge of fabrics and coatings 
that could increase the thermal comfort and overall effectiveness of the knitted fabric 
body armours, there is a need for further research into female body armour design to 
take into account various types of threats, including ballistic threats. Further 
investigation including studies of ballistic performance and the degree of protection 
from slash attacks should continue. Based on the findings from the experiments 
undertaken in this study, that research could include the following: 
This study investigated the stab resistance of the knitted fabrics designed for low 
energy threats and a small numbers of layers in the assemblies. Further study of 
higher numbers of layers in terms of high-energy threats could be examined as well. 
Moreover, investigations are needed on ways to improve cut resistance against knives 
and other sharp objects.  
This research found the tested fabrics to be less effective against double-blade knives. 
Further investigation is required for this sort of weapon, in order to determine ways of 
minimizing penetration depths without making the garment too uncomfortable to 
wear.  
Further research could examine different abrasive particles and coating methods that 
could be applied to knitted fabrics to improve stab protection for high energy threats, 
as well as improved thermal comfort and permeability for the wearer, particularly for 
cold climates. 
The multi-layered assembly in this study was arranged in the same knitting direction 
for all assemblies because the machine used to manufacture the vest could not change 
the knitting direction of the transfer that was used to create the bust contour. The 
tested knife alignments showed that the penetration depth was less when the knife 
was aligned parallel to the wales in the fabric. For that property to be of practical 
advantage, it is possible that arranging alternate layers of the fabric at 90 degrees to 
 
143 
 
each other would improve the stab resistance of the multi-layer fabric assembly for a 
flat panel. However, a 90-degree orientation is not applicable to the multi-layered 3D 
female body armour vests unless other machines are able of changing the knitting 
orientation.  
It should be noted that the number of individuals surveyed as part of the Briman 
Prison study in Jeddah, Saudi Arabia, was relatively small; greater numbers in other 
prisons would in all probability increase confidence levels in the findings. Officers with 
more experience of body armour would provide more information for improving 
protective garment design.  
Referring back to Chapter 5, the stab-resistance of multi-layers of woven fabrics was 
shown to be poor. Further stab-resistance examination is required to determine the 
detailed performance differences, including the number of layers that can stop knife 
penetrations for these woven fabrics. However, the sand coating method applied to the 
knitted fabrics showed improvements to the stab-resistance, which could be repeated 
to improve the stab performance of the woven fabrics.  
Referring back to Chapter 6, wool yarn was plated in the back of the knitted Kevlar-
wool (NKW) fabric in order to improve thermal comfort and moisture management 
properties. The plated fabric NKW was used in this study only in the inner layer of the 
female vest. However, the relationship between comfort properties and the content of 
wool were not evaluated. Further study is suggested to determine how wool content 
affects the comfort properties. 
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Appendix B 
Drop-mass design 
 
 
  
 
161 
 
Appendix C 
Knife blade specifications 
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Appendix D 
Parameters for manikin zones controller 
Zone 
Zone 
Name 
Heater 
R (W) 
Surface 
area (m2) 
Temp 
scale 
(ºC/V) 
Temp 
offset (ºC) 
Capillary 
size 
Flow 
conductance 
(ml/psi-hr) 
1 Face 56.900 0.047 1406.618 ˗285 
6.00" X 
0.010" I.D. 
21.485 
 
2 Head 27.111 0.097 1408.626 ˗285 
3.00" X 
0.010" I.D. 
43.203 
3 
R upper 
Arm 
33.560 0.083 1412.972 ˗285 
6.00" X 
0.010" I.D. 
20.093 
 
4 
L upper 
Arm 
33.804 0.083 1411.965 ˗285 
6.00" X 
0.010" I.D. 
20.186 
 
5 R forearm 43.881 0.064 1414.068 ˗285 
6.00" X 
0.010" I.D. 
19.631 
 
6 L forearm 42.865 0.064 1415.952 ˗285 
6.00" X 
0.010" I.D. 
21.304 
 
7 R hand 55.534 0.046 1417.232 ˗285 
6.00" X 
0.010" I.D. 
20.930 
 
8 L hand 55.849 0.046 1415.603 ˗285 
6.00" X 
0.010" I.D. 
18.928 
 
9 Chest 23.749 0.120 1416.591 ˗285 
3.00" X 
0.010" I.D. 
34.032 
 
10 Shoulders 27.946 0.100 1419.899 ˗285 
3.00" X 
0.010" I.D. 
35.144 
 
11 Stomach 22.670 0.119 1406.677 ˗285 
3.00" X 
0.010" I.D. 
34.560 
12 Back 30.252 0.093 1406.299 ˗285 
3.00" X 
0.010" I.D. 
33.057 
 
13 R hip 35.204 0.076 1415.772 ˗285 
6.00" X 
0.010" I.D. 
20.091 
14 L hip 35.596 0.076 1417.301 ˗285 
6.00" X 
0.010" I.D. 
19.444 
 
15 R thigh 18.989 0.151 1418.166 ˗285 
6.00" X 
0.010" I.D. 
31.653 
 
16 L thigh 18.885 0.151 1416.867 ˗285 
6.00" X 
0.010" I.D. 
32.061 
17 R calf 20.499 0.135 1416.756 ˗285 
6.00" X 
0.010" I.D. 
32.140 
 
18 L calf 20.543 0.135 1413.934 ˗285 
6.00" X 
0.010" I.D. 
34.728 
 
19 R fFoot 47.085 0.059 1417.164 ˗285 
6.00" X 
0.010" I.D. 
21.645 
 
20 Lfoot 46.646 0.059 1416.089 ˗285 
6.00" X 
0.010" I.D. 
22.623 
 
21 
Fluid 
preheater 
13.90 n/a 1 +0.01/˗0.04 n/a n/a 
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Appendix E 
Colour no. list  
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Continued: colour no. list 
 
 
